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ABSTRACT 
Australia is one of the most heavily exposed countries in the world to different 
natural hazards, such as floods. In December 2010 and January 2011, large areas of 
the south and central Queensland were affected by flooding. On Monday 10th 
January 2011 heavy rains continued from 12:30 pm to 2:00 pm in the City of 
Toowoomba catchment area. Flash flooding occurred suddenly and unexpectedly 
making it difficult to prevent or predict before it occurred. This led to a rise in water 
levels in streets and roads, disrupting traffic and causing loss of life and properties. 
To reduce the effect of flood disasters and minimize the damages, flood inundation 
maps can be used to determine the locations of threat. This research used an 
integration of the HEC-Hydrologic Modelling System (HEC-HMS), HEC-River 
Analysis System (HEC-RAS) with Geographic Information Systems (GIS) to 
develop an improved model of the West Creek flood extent and flood event in the 
city of Toowoomba. 
The flood extent and depth in the different flow conditions of the West Creek 
channel was described in this study. The Hydrologic model (HEC-HMS) was used 
for 15 minutes time series data to create the flow rate at West Creek catchment from 
12:00 pm to 4:00 pm. HEC-RAS with HEC-GeoRAS extension in ArcGIS was 
applied to simulate the flash flood in West Creek from Spring Street to Long Street. 
Digital Elevation Model (DEM) derived from high density LiDAR data and 
land cover data extracted from high resolution remote sensing imagery were used to 
model the flood inundation in the study area. The HEC-GeoRAS extension was used 
to prepare data sets for the stream centreline, banks, flow paths and cross-sections 
for import to the HEC-RAS hydraulic model. The downstream boundary conditions 
were defined in HEC-RAS. 
The hydrological results from HEC-HMS showed the maximum discharge 
value of West Creek Catchment at different periods of time. These results were 
comparable with Toowoomba Regional Council Report (TRCR). The flood 
inundation maps showed the maximum flood width and depth of West Creek 
Channel (starting from Spring Street and ending at Long Street) at 1:00 pm to 3:00 
pm, which was greater than any previous floods in Toowoomba. The validation 
ii 
between the modelled flood extent at peak time and flood extent in the Nearmap 
aerial photo showed a high degree of correlation. Therefore, the model can provide a 
sound basis on which to analyse similar scenarios. 
Key words: Flash Flood, Water Catchment, Geographical information system (GIS), 
HEC-HMS, HEC-RAS, HEC-GeoRAS, Flash flood simulation, flood inundation 
maps, Remote sensing data, Light Detection and Ranging Data (LiDAR), DEM. 
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INTRODUCTION 
 
Flooding is one of the most serious natural hazards occurring in the world 
(Vanneuville et al. 2011). For more than 50 years, flood events caused 40% of the 
deaths due to natural disasters in tropical regions and in developing countries (Ohl & 
Tapsell 2000). Flash flooding is the most common and destructive type of flooding 
(Gruntfest & Handmer 2001), followed by coastal flooding (Nicholls 2002). There 
are two types of flash flood events: one type is caused by heavy rainfall, the other is 
caused by human activities such as the failure of dams and levees (Smith & Ward 
1998; Win 2005). 
Severe flooding occurred in Queensland in December 2010 and January 2011 
(Croke et al. 2013). This resulted in damage to public and private properties and the 
loss of many lives because there were inadequate early warning procedures (Levy & 
Hall 2005; SKM 2011). On Monday 10th January 2011 the City of Toowoomba 
received heavy and continuous rain for one and a half hours (12:30 pm - 2:00 pm). 
The heavy rain fell in the north-east and south-west areas of Toowoomba that 
covered the middle and lower reaches of East and West Creeks. These areas include 
the Toowoomba CBD (Central Business District). Preliminary rainfall (12:00 pm-
1:00 pm) saturated the soil and the heavy rainfall (1:00 pm-2:00 pm) resulted in a 
high volume of surface runoff. This caused high levels of water in the Gowrie Creek 
catchment and its tributaries (i.e. East Creek, West Creek and Black Gully) (Collins 
2011; ICA 2011). 
The intense rainfall caused water rising at extraordinary speed and flowing 
over the roadways. Water covered all the roadway crossing of East, West and 
Gowrie Creeks. It was impassable to pedestrians and vehicles. The rapidity of the 
flooding made the people surrounded by water, or were trapped in their vehicles, 
which killed two people. Many buildings in and around the city were extensively 
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damaged, and numerous parked cars were swept away or inundated by the flooding 
(Queensland Floods Commission of Inquiry (QFCI) 2011). 
Because of continued development, the land cover of Gowrie Creek catchment 
has changed over time. This has resulted in mostly pervious areas (e.g. soil, 
scrubland, forest) becoming impervious (e.g. concrete, asphalt, footpaths, car parks 
and roofs of buildings, etc.) (ICA 2011) which has led to a change in the hydraulic 
behaviour of the catchment. There is decreased infiltration and an increase in the 
volume and immediacy of surface runoff (Ediriweera 2007). 
Bridges and culverts which are built across drainage channels obstruct the flow 
of water. In addition the catchment topography (steep and narrow) also contributes to 
flooding. Smaller, shorter and steeper catchments have shorter critical storm 
durations than larger, longer, flatter catchments (ICA 2011). 
There have been many previous studies on floods in Toowoomba (ICA 2011; 
SKM 2011). Their focus has largely been on the simulation and modelling of flood 
events to develop knowledge about how flood events progress (Fosu et al. 2012; 
Johnson 2001). The Toowoomba Regional Council conducted a survey of some 700 
flood peak levels in all parts of the city (ICA 2011). This information was used to 
create inundation maps showing flooding, which showed that flooding occurred in a 
relatively narrow zone, generally 50-100 meters wide on each side of East, West and 
Gowrie Creeks. The greatest width of flooding was about 700 meters that occurred 
on the intersection of the three creeks (around the ‘Flour Mills’ on Ruthven Street) 
(ICA 2011). 
The channel drainage capacity in Toowoomba (East and West Creek) was 
designed to handle a normal two year Average Recurrence Interval (ARI) storm 
event, except in the CBD where the channel drainage capacity can handle a normal 5 
year ARI event (ICA 2011). The underground drainage system was completely filled 
by the 10th January storm (ICA 2011). This led to overland flow along city streets, 
gutters, footpaths and through properties. This occurred irrespective of the slope or 
position relative to the creeks (ICA 2011). 
Mitigating the effect of floods requires accurate and up to date information 
about the catchment characteristics and the likely flood events (Abera 2011). A 
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Digital Elevation Model (DEM) derived from high resolution LiDAR data was used 
to define the topography of the study area. High resolution remote sensing satellite 
imagery and a field survey also provided important sources of topographic 
information of the study area. A powerful flood model can analyse the characteristics 
of the catchment. This can be accomplished using readily available software such as 
Hydrologic Engineering Centre–Hydrologic Modelling System (HEC-HMS), 
Hydrologic Engineering Centre-River Analysis System (HEC-RAS) and Geographic 
Information System (GIS). HEC-HMS and HEC-RAS models have been well tested 
and are widely used in flood modelling (Maidment & Ahrens. 1999). 
Investigators have compared both one-dimensional and two-dimensional 
hydraulic models. These include SOBEK, MIKE, FLO-2D and the River Analysis 
System Hydrological Centre for Engineering (HEC-RAS) models (Hicks & Peacock 
2005; MHL 2006; Yang 2004). Previous studies have shown that hydrologic and 
hydraulic models and GIS are effective tools for mapping inundation (Aschwanden 
et al. 2009). The HEC-RAS model is an open source application that can be used for 
data entry and simulation in a Geographical Information Systems (GIS) 
environment. It is a powerful model that is able to analyse the effect of catchment 
characteristics on the depth and extent of flooding (Goodell & Warren 2006; 
Villazón et al. 2013). The HEC-HMS is an effective and accurate model for rainfall 
runoff simulation especially when combined with GIS application (Bakir & Xingnan 
2008). 
The hydrological model was used to simulate the rainfall runoff and to 
generate discharge at different time periods (12:00 pm to 4:00 pm). The discharge 
was used as input into a hydraulic model (HEC-RAS model) which generated the 
flood levels in the study part of West Creek channel (approximately Spring Street to 
Long Street). 
"In flood modeling, availability of data in the required spatial and temporal 
resolution is vital" (Abera 2011). Topographic data such as DEM is an important 
source for representing floodplain and channel topography. The availability and 
quality of the geometric data of the channel cross-sections is a major limitation 
Although there is still a gap to find a high quality DEM to represent the topography 
of the study area for flood modelling. The LiDAR data can provide a good 3D point 
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data to create a high resolution DEM. The two meter DEM was selected for this 
study. The survey data helps to get an accurate representations of the channel 
topography and other properties. 
The hydrologic data is important for hydraulic modelling and flood 
delineation. Six rain gauge stations (Prescott, USQ physics, Alderley, Gabbinbar, 
Eastern Valley and Middle Ridge) are available for developing of the precipitation 
gauge to represent the catchment area. 
 
Continuous rainfall in a localised area is the most important factor leading to 
naturally occurring flash floods (ICA 2011). In Toowoomba on 10th January 2011, 
an intense storm caused a sudden increase in the amount of water in the catchment 
(West Creek) resulting in high water levels which caused considerable material 
damage and the occurrence of death and serious injuries (Collins 2011; SKM 2011). 
Within the band, most rainfall fell across the middle and lower reaches of East and 
West Creeks (SKM 2011). 
Despite the frequent occurrence of floods, flood management strategies 
generally deal with rescue and relief measures and other preventive arrangements. 
Pre-flood management and planning strategy are designed to minimize the loss of 
life, property and the environment, and are currently only in limited use (Abera 
2011). Characterising such floods is very important for flood management. 
Existing flood modelling in the West Creek catchment of Toowoomba are 
limited or inaccurate because of poor resolution data about channel cross-sections 
flow areas and in channel retention capacity (ICA 2011; TRC 2014). 
 
The aim of this research is to test use of high density LiDAR data in 
combination with high resolution satellite imagery and field collected data to 
develop an accurate hydrologic and hydraulic model of a flash flood in West Creek 
Toowoomba. 
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Can the integration of LiDAR, High resolution remote sensing imagery and 
field collected data with HEC-HMS and HEC-RAS produce an accurate flood 
modelling in the West Creek catchment? 
 
1. To create an accurate model for a natural flash flood in a urban environment. 
2. To define the parameters needed to create an accurate urban flash flood model. 
3. To test the performance of the flash flood model to simulate real flood events. 
 
The scope of this study was to create an accurate hydraulic and hydrological 
model for a natural flash flood in a urban environment. This was done by defining 
and modifying the parameters needed to create an accurate urban flash flood model. 
The performance of the flash flood model was tested to simulate real flood events. 
 
Australia is one of the many countries damaged as a result of floods 
(McDougall & Temple-Watts 2012). Different types of floods occur almost every 
year as a result of rain, wind and cyclones (Hapuarachchi et al. 2011; SKM 2011). 
Flash floods are the least predictable types of floods (Borga et al. 2011; van den 
Honert & McAneney 2011; Warner et al. 2000). Preventing them requires a detailed 
understanding of the factors that contribute to them. The flash flood that occurred in 
Toowoomba on 10th January 2011 provided an ideal opportunity to analyse its cause. 
This was explained by using high resolution hydrologic and hydraulic models. 
Modelling the flood in this way requires definition of the input parameters. 
The significance of this research is that input parameters can be changed once a good 
performing model is achieved to test flood mitigation solutions. The first and critical 
step is to define an adequate set of parameters for the model to perform accurately. 
These parameters were used to simulate the flash flood in West Creek catchment to 
create flood inundation maps in different periods of time. 
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The research results are limited by the accuracy of the modelling parameters, 
the accuracy of the data and the models. The parameters and algorithm underlying 
the HEC-HMS and HEC-RAS model have been extensively tested by the 
Hydrological Engineering Center (Ogden et al. 2001; Paudel 2010). However, the 
mode in which the model is run can vary in suitability to simulate real life events. 
The findings from this study are limited by the difficulty in modelling super-
critical stream flow. Average steady-state streamflow conditions were modelled as 
the best compromise between super-critical and sub-critical flow conditions that 
occurred during the flooding on the 10th January 2011. 
Most of the previous hydraulic modeling techniques use one-dimensional (1-
D) steady-state flows measured at a specified point in time, especially in HEC RAS 
modeling software. The steady flow model has the powerful ability to model the 
characteristics of catchment runoff responses from a storm event over time. This 
makes flood modelling more accurate (USACE 2010). 
The use of high resolution World View 2 imagery (0.5 m and 2 m resolution) 
allowed accurate classification of land uses. However, there is always a difficulty in 
converting land cover to land use as it is required to assign a Land Cover Curve 
Number (LCCN) for input to the model. There is a similar potential for error in 
estimating applicable permeability percentages and Manning’s Roughness 
Coefficients required by the model. The sensitivity of the model to changes in these 
values can be tested by using different values and comparing the results to the 
records of the flood. 
Creating cross-section profiles every 25 m along the drainage channel was 
possible because of the accurate DEM. Extensive field work was required to validate 
the flow restrictions at these profile stations. This amount of field work may not be 
commercially viable. This could lead to less accurate model performance. 
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This research focuses on the use of Geographic Information Systems and 
hydrologic and hydraulic models as tools for analysing catchment runoff and 
inundation mapping in a section of West Creek, Toowoomba. 
This research examined if a high accuracy input parameters derived from 
LiDAR and satellite spectral imagery could accurately model a flash flood using the 
Hydrological Engineering Centre’s HMS and RAS modelling software. The flood 
events that were modelled occurred in Toowoomba on 10th January 2011. 
The following section of the thesis provides an extensive review of the 
literature on flood modelling. This is followed by a description of the methods used 
to process the LiDAR data into a Digital Elevation Model (DEM) and to define the 
sub-basins and stream network from the DEM. A description of the field data 
collection required for use in the models is provided. The Results chapter provides 
details of flood discharge volumes and elevations by time and location throughout 
the catchment. The Discussion chapter provides an analysis of these results and 
compares them to aerial imagery of the flood. Recommendations for future research 
and use of the model are provided in the Summary and Recommendations Chapter. 
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LITERATURE REVIEW 
 
In many regions and countries, floods are the most damaging phenomena that 
affects the social and economic development of the population (Nezhad 2013; Smith 
& Ward 1998), and cause human and economic losses each year (Gaume et al. 
2009). Sudden floods occur frequently and unexpectedly (Borga et al. 2008). The 
demand for hydrologic and hydraulic models has increased to generate realistic 
estimates of flood width and depth and hence damage (Dawson et al. 2005; Fisher 
2009; Hall et al. 2005). This chapter provides a brief overview of the hydrological 
approach used by researchers and agencies. It also reviews previous studies 
undertaken on the development and the progress of hydrologic/hydraulic models and 
their effectiveness for flood modelling. The focus in particular is on flash floods that 
occur in urban areas and the use of GIS and remote sensing techniques with 
hydrologic/hydraulic modelling tools to create flood inundation mapping. 
 
Floods are defined as high flows or levels in lakes, rivers, ponds, reservoirs 
and catchments or other kinds of water bodies that occur either partially or 
completely in saturated land areas (United Nations 1991). It is overflowing from the 
normal borders of a stream or other body of water or the accumulation of water over 
areas that are not commonly submerged (Baxter 1977). Some floods develop 
slightly, while others such as flash floods can develop in a few minutes without 
visible signs of rain. According to the United Nations, flood disasters occur all over 
the world and have the greatest damage potential of all natural disasters worldwide 
to cause loss of property and lives (Blaikie et al. 2014). There are five physical 
phenomena that cause floods (ICA 2011): 
1. Torrential rainfall (overland flow, water flow) which can be called rainfall 
floods because this type of flooding results from heavy rain 
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2. The failure to process and store water in dams (dam release, dam break, levee 
break floods). This kind of flood is man-made as a result of the failure of the 
man-made structure (dams and flood protection levees) 
3. High levels of coastal waters (tidal surges) 
4. Earthquakes beneath the surface of the sea (tsunami) 
5. Geomorphology events (associated with events where the land collapse such 
as landslides and glacial lakes) are called geomorphological floods due to 
their basic geomorphological nature. 
The first three types of floods are common in Australia. 
Seven important characteristics of the flood which can help identify the 
magnitude of their disastrous effects (Santillan & Paringit 2013) include: 
1. Extent area of inundation, which identifies the extent damage to buildings and 
crops and the feasibility of mitigation measures; 
2. The peak depth of inundation, which determines similar factors; 
3. The duration of flooding, to identify the degree of damage and disturbance 
caused; 
4. The rate of increase of the flood event, to identify the effectiveness of flood 
warning and evacuation procedures; 
5. The velocity of flood flow, which identifies the cost of flood damage and the 
feasibility and design of levees and flood proofing structures; 
6. The frequency of flooding, which identifies the long-term average costs and 
advantages of flooding and flood mitigation; and, 
7. The season ability of flooding, which identifies the cost of flood damages, 
especially when agricultural areas are inundated. 
Two types of flooding can be distinguished depending on these characteristics, 
i) riverine flooding and ii) flash flooding. Riverine flooding happens when the flow 
in a river channel overflows its bank full capacity. This leads to overflowing the 
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normal banks and inundating the adjacent floodplain. This phenomenon occurs with 
hydrologically large catchments and causes damage in large expanses of flat terrain 
(Santillan & Paringit 2013). Flash flooding is a phenomenon that associated with 
hydrologically small catchments. Flash flooding results from heavy convective 
storms of comparatively short duration but produce highly intense rates of rainfall 
(Santillan & Paringit 2013). 
The flash flood depends on catchment characteristics, infiltration capacity and 
the intensity and duration of the rainfall. If the catchment is steep and its surface has 
low infiltration capacity, this leads to increased severity of flooding (Collins 2011). 
The high intensity of rainfall tends to causing flooding in a shorter duration. Doswell 
III et al. (1996) conducted the study based on the observations from the United 
States that showed a flash flooding occurs when the rainfall rates of at least 25 mm 
per hour are sustained for at least one hour. Flash flooding happens suddenly with no 
warning causing damage of property and loss of lives (Smith & Petley 2013). 
 
In the 1950s, many studies tried to improve the applicability of a method for 
large catchments with heterogeneity in rainfall and characteristics by analysing 
complex dynamic systems (Todini 1988). The introduction and development of 
computers into hydrological modelling in the 1960s had enhanced the use of 
hydrologic computer models, including the Stanford Watershed Model (SWM) 
which was developed at Stanford University (Crawford & Lindsey 1966). 
In 1960, the Hydrologic Engineering Centre’s-One Dimensional (HEC-1 
model) developed by the Hydrological Engineering Centre, U.S. Army Corps of 
Engineers (USACE). It was used successfully for modelling rainfall-runoff to 
simulate the Hemavati River basin up to Sakleshpur (Jain M.K. & Ramshastri K.S. 
1990). Kottegoda N.T. et al. (2000) offered a statistical daily stream flow generator 
which analysed and simulated rainfall input where losses were obtained from an 
equivalent Curve Number (CN) that related to the total rainfall of the event. 
Chaatterjee C. et al. (2001) used the HEC-1 package and the Nash model for 
simulating a rainfall-runoff model. They found the performance of the HEC-1 
package and Nash IUH model for appreciation of the DSRO hydrograph for the 
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watershed under study were comparable. The HEC-1 model was renamed to HEC-
HMS model after additional features such as, user interface and spatial data input 
and analysis features were added (Singh Meena 2012). 
Between 1970 and 1992 many researchers used land use and land cover 
(LULC) information derived from different satellite data such as Landsat, SPOT, and 
IRS Satellite in rainfall-runoff modelling. This satellite imagery was integrated with 
ArcGIS to estimate Soil Conservation Service Curve Numbers (SCS CNs) and 
runoff (Blanchard 1975; Bondelid et al. 1982; Das S.N. et al. 1992; Tiwari K.N. et 
al. 1991). GIS plays a vital role in hydrologic modelling. It is a set of tools for 
assemblage, storing, retrieving, transforming, and presenting data from the real 
world for a range of purposes (Singh Meena 2012). 
Hoblit and Curtis (2001) conducted a case study for a small catchment near 
Heppner Oregon. A DEM of 30 m resolution and the Geospatial Hydrologic 
Modelling Extension (HEC-GeoHMS) tool, were used with the HEC-HMS model. 
The land cover and soil data were also used for this study. The rainfall data was 
imported into the model from a Data Storage System (DSS) file. They found that the 
results were positive with observed flows (Hoblit & Curtis 2001). 
Andersen et al. (2002) applied the HEC-HMS model with an atmospheric 
model for estimation of the catchment runoff in Sierra Nevada Mountains of 
California, USA. Zhan and Huang (2004) applied the ArcCN - runoff tool which was 
extension of ArcGIS software to obtain CNs and compute runoff or losses from a 
rainfall event for a catchment in Lyon County and Osage County, KS, USA (Zhan & 
Huang 2004). 
Jain et al. (2006) used the SCS-CN method to calculate the direct runoff in a 
long storm period in five Indian catchments. They derived CNs from long term daily 
rainfall - runoff data and the antecedent moisture condition (AMC) that deals with 
antecedent duration (Mishra et al. 2007). Chen et al. (2008) used SCS-CN method 
and Green - Ampt method to simulate hydrologic responses in the Meilin catchment 
which is located in the southeast of the Yixing city and southwest of the Lake Tai, 
China. Patil et al. (2008) applied the curve number techniques (ISRE-CN) to 
estimate the runoff for the period from 1993 to 2001 of Banha catchment in 
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Damodar valley, Jharkhand, India. They found that this technique is similar to the 
Banha catchment and produced accurate data of surface runoff estimation. 
Ranaee et al. (2009) used the HEC-GeoHMS, HEC-HMS and MIKE11 
software for flood routing in a two branches of ZOSHK River. The HEC-GeoHMS 
was used to prepare required statistics for rainfall-runoff modelling in HEC-HMS. 
The output information of HEC-HMS model was used as input data for flood routing 
modelling in MIKE11 software. By comparing with observed data in the 
hydrometric station which was located near the river outlet, they found a suitable 
procedure for flood routing in rivers of the same case study of uncompleted initial 
and boundary conditions. 
Chu and Steinman (2009) used the HEC-HMS model for both event and 
continuous hydrological modelling in Monalack catchment in West Michigan. The 
HEC-HMS model was also used to simulate rainfall-runoff processer with geo-
informatics and atmospheric models for the flood forecasting and early warning in 
various regions of the world (Dzubakova 2010; Majidi & Vagharfard 2013; Yener et 
al. 2007). 
Jeremy (2011) evaluated peak flow rates and runoff volumes of the heavy 
rainfall event at Kenora, Ontario. The catchment characteristics were estimated using 
land use and soil type maps. The rainfall data was computed from the Dryden 
Ontario weather radar station. The hydrological model HEC-HMS with the SCS 
method was chosen to calculate the runoff probability, time to peak and recession of 
the hydrograph. They inferred that these data gave accurate and acceptable results. 
 
Flood modelling is the means to comprehend the conduct of flooding in a 
particular area. In recent years, many efforts have been made to integrate hydraulic 
modelling in open channels (such as, rivers, reservoirs and catchments) with GIS to 
obtain better of flood modelling. Beavers (1994) undertook the first work to integrate 
hydraulic modelling of open channels with GIS by developing a GIS-based tool 
called ARC/HEC2. Terrain information such as Manning’s roughness values and 
channel contraction/expansion coefficients are extracted by these programs and 
formatted for importing into HEC-2 (Beavers, 1994). 
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Another attempt to connect the results of hydraulic models with spatial data 
was undertaken by Beavers and Djokic (1994) who developed the interface between 
the Hydraulic Engineer Centre’s, HEC-2 hydraulic model and Arc/Info. The system 
exported terrain data from Arc/Info to HEC-2. The interface converted HEC-2 
surface water elevations to GIS coverage in Arc/Info (Djokic et al. 1994). HEC-RAS 
become widely used instead of the HEC-2 model. HEC-RAS has the ability to 
import and export GIS data into the program. It has the capability to import and 
utilize the 3D river reach and data cross-sections from a general purpose data 
exchange file and modify it to conform to the HEC-RAS data exchange file format. 
After completion of the hydraulic calculations, HEC-RAS exports the data to GIS to 
compare it with the terrain model. 
Evans (1998) enhanced Beavers work with the release set of Arc/Info Macro 
Language scripts (AMLs) which serve as both pre-and post-processors for the HEC-
RAS model shown in Figure 2.1. The AMLs processor generates a data exchange 
file that consists of stream geometry descriptions which are extracted from the TIN 
model of the land topographic. The HEC-RAS model provides additional data from 
the user such as Manning’s n, contraction and expansion coefficients, geometric 
descriptions of any hydraulic structures (such as culverts, and bridges) in the cross 
sections, bank stations and reach lengths (if they are not included in the exchange 
file). HEC-RAS can export the results data in the same digital exchange file format. 
By using the AMLs in post-processing, a TIN of the surface of water can be created 
from the exchange file (Evans 1998). 
 
Figure 2.1: Pre and post processing for HEC-RAS (Evans 1998) 
The Environmental Systems Research Institute (ESRI) has released the 
AVRAS in GIS software. AVRAS was designed and calculated to use Arc GIS as 
the pre- and post-processing environment in HEC-RAS model. ESRI added several 
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utilities to make it more user-friendly program than before (ESRI 1998). Dodson 
(1999) released AVRAS as a commercial product under the trade name of GIS 
Stream Pro. Further research investigated more an accurate HEC-RAS model by 
integrating field survey, stream geometry and control structures into a GIS. This lead 
to improvement of the interface between GIS and the data connection. 
Safari (2001) produced a flood dangers-plan zone of Neka River by using the 
HEC-RAS model with GIS software. Motiei (2002) produced flood inundation 
mapping of Sefid Rood River using HEC-GeoRAS on GIS systems. Mohammadpoor 
(2008) studied the effect of different flood regimes to dam a flood model in Karkheh 
River by using HEC-RAS and GIS. Kardavani and Qalehe (2013) produced a flood 
model of the Ay-Doghmush River Basin by combining the use of GIS with a 
hydraulic model. They found that the combination of a hydraulic model and GIS 
improved flood modelling. 
 
Several studies were developed that deal with frameworks for regional scale 
flood modelling which identify flooded areas by using various techniques, especially 
GIS-supported hydrologic and hydraulic modelling (Gul et al. 2010). Hydrologic 
Engineering Center-Hydrologic Modelling System (HEC-HMS) is used to build the 
hydrologic model that produces runoff hydrographs at the outlets of sub-watersheds. 
Hydrologic Engineering Center-River Analysis System (HEC-RAS) is used to build 
the hydraulic model (Yuan & Qaiser 2011). 
Olivera and Maidment (1999) used HEC-HMS to build the flood hydrographs 
and HEC-RAS to generate a flood inundation maps which were used for the design 
of highway drainage facilities. Andrysiak and Maidment identified flooded areas in a 
basin in the United States by using hydrologic and hydraulic model (Andrysiak & 
Maidment 2000). The flood analysis was carried out using ArcGIS and some 
modified scripts software together with the HEC-HMS hydrologic model, the HEC-
RAS hydraulic model, and HEC-GeoRAS software extension (Anderson 2000). 
These models are widely used and have been employed for conducting 
different kinds of studies including flood forecasting and flood inundation models 
(Whiteaker et al. 2006), analysing various flood control alternatives (Benavides et al. 
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2001), addressing social effects of small dam removals (Wyricka et al. 2009), and 
improving a flood early warning system (Matkan et al. 2009). Knebl et al. (2005) 
successfully applied the HEC-HMS and HEC-RAS model to obtain the flood 
polygons in San Antonio river basin. The HEC-HMS was used to convert 
precipitation excess to overland flow and channel runoff. The hydraulic model was 
used to check the unsteady state flow of the river network depending on the HEC-
HMS hydrographs. The flood maps from the models were similar when compared 
with the flood maps in satellite imagery. 
Performing flood modelling is important for estimating the degree and spatial 
extent of impacts. Potential flood control projects are important to protecting 
communities and properties. Gul et al. (2010) presented a systematic approach 
relying on the simulation of some extreme event conditions by using a hydrologic 
and hydraulic model. The river flows were calculated using the hydrological model, 
while the hydraulic model used created flood maps in the Bostanli River basin, 
which had been affected of flooding for many years. The planning of Bostanli Dam 
was examined by using HEC-HMS and HEC-RAS modelling tools. These models 
have been integrated with GIS functions for spatial operations. The results show that 
the dam construction had a positive impact as a potential flood control measure and 
reduced the flood effect in the basin (Gul et al. 2010). 
Abera (2011) integrated the HEC-Hydrologic Modelling System (HEC-HMS) 
and HEC-River Analysis System (HEC-RAS) with Geographic Information Systems 
(GIS) to develop a regional model for floodplain determination in Ethiopia, 
especially in the lowland areas. The study was done to perform floodplain analysis of 
Fogera and nearby areas. The hydrological results showed a flow rate of 91.8 m3/s, 
202.4 m3/s, 273.1 m3/s, and 308.4 m3/s for return periods of 2, 10, 50 and 100 
respectively. The results of hydraulic model showed the flood extent areas for the 
return periods 2, 10, 50 and 100 years were 12.63 km2, 18.63 km2, 21.31 km2 and 
22.5 km2 respectively. The result was compared with the frequency analysis using 
event flow values of the Ribb River. The results showed these models were effective 
in creating flood extent and depth area and gave acceptable results. 
Martin et al. (2012) delineated a catchment basin model of 325 km2 by using 
HEC-HMS model, HEC-GeoHMS and GIS environment. The meteorological model 
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with design storm data, and defining control specifications were used in hydrologic 
analysis. The discharge values were calculated using hydrologic model at different 
time periods. The hydraulic model was performed by using HEC-RAS model to 
create the flood inundation maps. The flood inundation maps were created by 
exporting the HEC-RAS model output data to ArcGIS to identify the flood prone 
areas. These maps showed most flood prone around the river middle reach. 
Tahmasbine et al. (2012) used both of (HEC-HMS) and (HEC-RAS) models to 
simulate and model relations between rainfall and runoff in Karun River, SW Iran. 
The Karun River was chosen for this study because it is a region subject to repeated 
situations of severe flash flooding. The simulated results were compared with the 
observed water storage data for several storm events. The hydraulic model produced 
a flood hazard map that showed the flash flood in Karun River. These maps were 
useful for hydrological forecasts of future flooding. 
As mentioned of the above examples, the improved integration between the 
hydrologic/hydraulic models and GIS environment led to improved procedures for 
handling data. The flood simulation become more efficient through transferring 
hydrologic model outputs into hydraulic model and then final outputs exported into a 
GIS environment. 
 
Many previous studies have been conducted to generate the flood inundation 
maps in the Gowrie Creek catchment and its tributaries. One of these studies showed 
the approximate extent of inundation caused by flood waters from the catchment on 
the basis of flood debris marks (ICA 2011). The map involves some interpolation by 
using the DEM data. The interpolation method, however, showed some areas that are 
inaccurate particularly around the buildings. The extent of immersions was bounded 
to a comparatively narrow strip some 50-100 m wide on either side of the 
waterways, which reflects the relatively steep and tight nature of the waterways. The 
width of inundation was greater of 700 m in the area of the convergence of East and 
West Creeks along Margaret Street to the south and Bridge Street to the north. There 
were a number of local factors that may not reflect accurately on the survey of the 
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flood extent of immersion map. So, the limits of waterway inundation shown on the 
maps are inexact (ICA 2011). 
The Toowoomba Regional Council (TRC) used one a Dimensional hydraulic 
model to describe and modelled Gowrie Creek Catchment to generate flood 
inundation maps in different periods (20, 50, 100 years). The available data used 
were flood data and pseudo-flood data. The pseudo-flood data were used as 
surrogate for accurate (modelled) flood data in the absence of other data (e.g. water 
way management data, legacy flood overlays from previous TRC shire councils). 
These data were collected in GIS format to create the spatial extent of flood in 
Gowrie Creek catchment (Clark 2009). 
Collins (2011) investigated the possible flood reduction measures such as 
detention basins to monitor flooding events. Using the 100-years ARI flood, the 
study focused only on flood risk. The accuracy of map for designing flood events 
was refined by calibration of previously developed hydrologic and hydraulic models. 
The results showed five design flood events: 20, 50, 100, 500 and potential 
maximum flood to assess and define potential flooding problems within the 
catchment (Collins 2011). 
Toowoomba Regional Council (TRC) used one dimensional MIKE 11 
software to model the Gowrie Creek system on the events of January 2011. DEM 
was used with these hydraulic models to obtain the flood mapping. These maps show 
design events and historical flood events such as, the flood in 10th of January 2011 
(TRC 2012). 
 
Arc Hydro is "a geospatial and temporal data model for water resources that 
operate within ArcGIS" (ESRI 2011). The Arc Hydro was developed jointly by the 
Center for Research in Water Resources (CRWR) of the University of Texas and 
ESRI (ESRI 2011). It assists to structure data to support the hydrologic simulation 
model. The Arc hydro tool interconnect features and various data layers, which 
enhanced hydrologic analysis (ESRI 2011). The Arc hydro allows hydrological 
models to be linked with GIS by common data storage system. Arc Hydro is utilised 
for terrain processing, watershed delineation, and creation of watershed parameters. 
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2.8.1 Introduction 
HEC-HMS is a hydrology model that was released by the US Army Corps of 
Engineers in 1992. HEC-HMS model was developed and renamed from the HEC-1 
model (USACE 2013). HEC-HMS software is designed to simulate the precipitation-
runoff model of dendritic watershed systems and is able to be used in a wide range of 
areas. It helps for solving a broad range of problems, from large river basin water 
supply and flood hydrology to small urban or natural catchment runoff by simulating 
the hydrographs of catchments. The hydro-graphs produced by the HEC-HMS 
program can be used for the studies that relate of water availability, urban drainage, 
flow forecasting, future urbanization impact, reservoir spillway design, flood damage 
reduction, floodplain regulation, wetlands hydrology, and systems operation (Hill 
2013). Hydrologic model HEC-HMS in its semi distributed form uses gridded 
topographic information to discretise a catchment into sub-basins and embodies the 
employ of gridded rainfall data (Zhang et al. 2013). 
The hydrologic model HEC-HMS can be integrate with another software such 
as HEC-RAS for many applications including, floodplain delineations, urbanization 
studies, reservoir design, and water availability analysis (USACE 2013). 
The hydrologic model HEC-HMS normally represents watershed behaviour as 
various components of the runoff processes. It has the capability for representing the 
hydrological system, and its specification is based on the hydrological information of 
the catchment area (Ahmat & Nor 2005). The basic concepts of a typical HEC-HMS 
application are shown in Figure 2.2. 
Chapter 2                                                                                                       Literature Review 
19 
 
Figure 2.2: Systems diagram of the runoff process at the local scale (Feldman 2000) 
HEC-HMS model has different options for modelling the physical parameters 
of the catchment and for inputting meteorological data. In HEC-HMS the Basin 
model is a network of sub basins, junctions, reaches, reservoirs, and diversions 
which characterizes the layout of the watershed. This model has many methods to 
model the infiltration losses, transport, and channel routing in Basin model. The 
meteorological inputs in HEC-HMS include precipitation, evapo-transpiration, and 
snowmelt inputs. Precipitations data can be either historical storm data or synthetic 
precipitation data (Stepinski 2011). In terms of flood extent and depth modelling, 
HEC-HMS is the hydrologic model that simulates flow hydrographs that are used as 
inputs for HEC-RAS. It designed to model the rainfall event for the area of interest 
and simulated in HEC-HMS. The peak hydrograph flows from HEC-HMS are then 
used in HEC-RAS to model the flood event in different periods of time. The 
following sections will discuss the components and calculations methods utilized by 
HEC-HMS (USACE 2013). 
2.8.2 Components of HEC-HMS 
The HEC-HMS model consists of four elements: sub-basin, reach, reservoir, 
and network elements. These elements plus the meteorologic model, entirely 
represent a modelled catchment and are introduced below (Hill 2013). 
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2.8.2.1 Sub-Basin Elements 
This element typically has no inflow and only one outflow. It is one of only 
two ways to produce flow in the watershed model. Outflow is calculated from 
meteorological data through subtracting losses, transforming excess precipitation and 
adding base flow. These elements explain the subdivided areas of a watershed. 
2.8.2.2 Reach Elements 
Reach elements represent rivers and streams. This element has one or more 
inflow and only one outflow. The inflow comes from other elements in the 
catchment model. If there is more than one inflow, the whole inflow is added 
together before calculate the outflow. The outflow is computed by utilising one of 
the available methods for simulating open channel flow. 
2.8.2.3 Reservoir Elements 
This element is typically has one or more inflow and one computed outflow. 
The inflow comes from other elements in the catchment model. If there is more than 
one inflow, all inflow is added together before calculating the outflow. It is assumed 
that the surface of water in the reservoir element is level. Many methods are 
available to illustrate storage properties of the reservoir. These elements represent 
reservoirs, lakes and ponds (USACE 2013). The reservoir elements are not used in 
this study. 
2.8.2.4 Network Elements 
These elements include source, junction, diversion, and sink elements. Source 
elements provide a method to insert measured inflows to the outflow network, or to 
represent upstream boundary conditions. Junction elements are utilised in the flow 
network to integrate multiple inflows, often at a confluence. A diversion element is 
utilised to show locations in the flow network where water is withdrawn from the 
channel and discharged elsewhere. Finally, sink elements represent the outlet of the 
catchment. Elements are the second method to output flow in the catchment model. 
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2.8.2.5 Meteorologic Model 
This model is applied to represent the external vertical forcings that drive 
catchment hydrology through a simulation such as, precipitation and potential evapo-
transpiration (USACE 2013). 
2.8.3 Modelling Methods in HEC-HMS 
In the HEC-HMS model elements have a set of methods to compute the 
hydrologic response to input data. These methods are useful to simulate precipitation 
and runoff processes occurring in a catchment. These methods are: Loss methods, 
Transform methods, and Routing methods which are represented within hydrologic 
process routing. It helps to identify the parameters by the users and improve 
representation of the actual hydrologic process within the watershed (Hill 2013). 
2.8.3.1 Loss Method 
Infiltration computations are performed by using the loss method. Several loss 
methods are available in HEC-HMS model. The SCS Curve Number method is one 
of the most important methods which is used to simulate the precipitations data (Hill 
2013). 
The Soil Conservation Service (SCS) Method 
The SCS Curve Number Method has become commonly used in science and 
engineering studies, because it’s straight forward conceptual basis of precipitation 
storage and its computational simplicity. It depends on the watershed properties of 
antecedent moisture, land use, soils, and surface condition (Ponce & Hawkins 1996). 
The SCS Curve Number Method has the ability to compute the amount of rainfall 
available for runoff. It is used by the US Department of Agriculture as a cornerstone 
model for hydrology and water quality simulations (Garen & Moore 2005). The SCS 
method first appeared in 1956 in the National Engineering Handbook (NEH) 
published by the Natural Resources Conservation Service (NRCS), formally known 
as the SCS. This method was developed by a government agency and filled a void in 
hydrologic modelling and become widely used in all United States and several other 
countries (Ponce & Hawkins 1996). 
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The curve number method has been used in previous studies on small 
watersheds. The method employs the following assumed relationship between 
precipitation and storage: 
 𝐹
𝑆
=  
𝑄
𝑃 − 𝐼𝑎
      2.1 
Where: 
F = Actual retention 
S = Potential retention 
Q = Actual runoff 
P = Precipitation 
Ia = Initial abstraction 
The Soil Conservation Service (SCS) method was advanced as a transform 
method for computing runoff by locating abstractions from rainfall. An abstraction is 
the water lost by either infiltration or surface storage (Chow et al. 1988). In this 
method, storm runoff is denoted by Q and can be calculated by using Equation 2.2 
below (Cronshey 1986). 
 
𝑄 =
(𝑃 − 𝐼𝑎)
2
𝑃 − 𝐼𝑎 + 𝑆
     2.2 
Where: 
P= The depth of precipitation 
S= The maximum retention in a watershed 
Ia= Initial abstraction 
This method computes a Curve Number (CN) which is used to identify the 
properties of runoff. According to the SCS Technical Report 55 (TR-55), the major 
parameters that determine CN are hydrologic soil group (HSG), cover type, 
treatment, hydrologic condition and Antecedent Runoff Condition (ARC). The ARC 
is defined as the index of runoff potential before a storm event (Cronshey 1986). The 
CN is calculated using the equation below. 
 
𝑆 =
1000
𝐶𝑁
− 10 2.3 
Where: 
CN = Curve number 
Figure 2.3 shows the relationship defined above. 
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Figure 2.3: Estimation of Direct Runoff from Curve Number (Cronshey 1986) 
After computing the curve number, runoff is calculated by using a 
dimensionless unit hydrograph. This hydrograph is affected by the Time of 
Concentration (Tc). The Tc is the time it takes for the runoff to reach the outlet from 
the most hydraulically distant point of the watershed (Cronshey 1986). 
2.8.3.2 Transform Method 
Transform methods are used to define how overflow rainfall is transformed 
into runoff. There are various methods that are widely used in hydrologic analysis. 
These includes the Soil Conservation Service method, Unit Hydrograph method, and 
the Snyder method (Mason 2011; Womack 2012). 
Unit Hydrograph Method 
The aim of unit hydrograph (UH) is to create the hydrographs for a storm in 
the hydrologic events period. Several methods are commonly used for this purpose 
for example, Unit hydrograph and Snyder synthetic unit hydrograph (Wurbs & 
James 2002). In 1950s, the SCS unit hydrograph was improved by NRCS after the 
analyses of many unit hydrographs gauged watersheds in different conditions. The 
simplicity and ease of using the unit hydrograph, led to it becoming widely used and 
applied throughout the United States and all the world. The unit hydrograph has two 
parameters, which are watershed area (A), and lag time ( 𝑡𝐿). The time of peak (𝑇𝑃) is 
Chapter 2                                                                                                       Literature Review 
24 
estimated as a function of rainfall duration (D) and the peak of the unit hydrograph 
(𝑄𝑃) that is estimated below (Wurbs & James 2002). 
 
𝑇𝑃 =
𝐷
2
+ 𝑡𝐿    2.4 
 
𝑄𝑃 =
484 𝐴 
𝑇𝑃
 2.5 
2.8.3.3 Routing Method 
The Routing method is method to predict the changing magnitude, speed and 
shape of flood wave as a function of time at the points along the watercourse (Han 
2010). The Routing method is divided into lumped and distributed. Hydrologic 
routing is considered lumped routing and Hydraulics routing is considered 
distributed routing (Maidment 1993). 
This study adopted the Muskingum routing method of hydrologic routing. 
Muskingum routing is used in a flood study where the storage in the system is 
defined by a wedge method (Chin et al. 2000). The expansion of the wedge is due to 
a flood wave that causes inflow to exceed outflow and creates a wedge of storage 
(Chow et al. 1988). This method is represented by Equation 2.6. 
 
𝑆 = 𝐾 [𝑋𝐼 + (1 − 𝑋)𝑂] 2.6 
Where: S is storage, I is Inflow, O is outflow. K and X values are determined 
using characteristics of the channel, K is essentially a proportionality constant and X 
is a weighting factor that ranges from 0 ≤ X ≤ 0.5 (Chow 1959). The X parameter 
must between 0 to 0.5 and identify the shape of the wedge storage (Chow et al. 
1988). If the X value is close to 0, it would represent nearly a linear reservoir, so 
there is no backwater. Whereas, if the X value closer to 0.5 would represent a full 
wedge. The relationship between inflow and outflow in the Muskingum method is a 
linear relationship. Because the Muskingum method is linear nature the formula 
leads to adequate storage within a river (Mason 2011). 
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2.8.4 Introduction of HEC-GeoHMS Extension 
Recently the progress in ArcGIS have opened many opportunities for 
developing hydrologic modelling of watershed systems. The growing availability of 
spatial information from government agencies, commercial vendors and private 
companies, powerful spatial algorithms, and the merge of GIS with hydrologic 
modelling has enhanced the accuracy for both lumped and distributed parameters. 
Moreover, the hydrologic model has developed to consider distributed rainfall data 
and advanced techniques for modelling catchments on a grid level to provide more 
detail than the traditional lumped approach (Hill 2013). 
HEC-GeoHMS has advanced as a geospatial hydrology toolkit for engineers 
and hydrologists. It is a set of ArcGIS tools specially designed to process geospatial 
data and generate input files for HEC-HMS. It contains integrated data management 
and a graphical user interface (GUI). From this tool it can analyse terrain 
information, delineate sub basins and stream and prepare hydrologic parameters 
(Fleming & Doan 2013). 
Figure 2.4 shows the relationship between GIS, HEC-HMS, and HEC-
GeoHMS. 
 
Figure 2.4: Overview of GIS and Hydrology Programs (Fleming & Doan 2013) 
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2.9.1 HEC-RAS Hydraulic Model 
The Hydrologic Engineering Centre-River Analysis System (HEC-RAS) is a 
“hydraulic simulation model for computing water surface profiles for natural and 
man-made channels depending on inputs of river geometry and channel flows" (Patel 
2009). The HEC-RAS model was released in 1995 by the US Army Corps of 
Engineers (USACE 2010). HEC-RAS is a "simulation model that has one 
dimensional steady and unsteady flow analysis options" (Patel 2009). HEC-RAS is 
used to conduct various types of studies, for example flood forecasting and flood 
inundation models (Knebl et al. 2005), and to control and find the alternatives for 
analysing the flood (Benavides et al. 2001). 
HEC-RAS has many applications for flood modelling specially when 
combined with a hydrologic model such as HEC-HMS. Applications include 
floodplain delineation, channel modification studies, and dam breach analysis. HEC-
RAS has the ability to model complex structures such as bridges, weirs, and culverts, 
as well as sub-critical, super-critical and mixed flow regimes (Bedient et al. 1988; 
Brunner 2010). 
Awal (2003) used the hydraulic model HEC-RAS to make comparisons 
between the steady and unsteady flow analysis, and it soon became the basis of a 
comparative study of the constant flow analysis and variable flow analysis. Osti 
(2004) designed immersion flood maps, dependent on the progressive diversity in 
continuous flow analysis using HEC-RAS modelling for various years of flooding, 
and also identified the settlements within high-risk areas. Dangol (2008) evaluated 
problems with immersion flooding in Blakhu Khola using an analysis of continuous 
flow, explaining the presence of the barren land near the river at risk of immersion 
floods. He also suggested that human lives are more susceptible to the dangers of 
this disaster and included these lands in plans for future settlement. 
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2.9.2 Components of HEC-RAS 
2.9.2.1 Steady Flow Water Surface Profiles 
HEC-RAS has the ability to perform one-dimensional water surface profile 
computation for steady gradually varied flow in natural or constructed channels, sub-
critical, super-critical and mixed flow regime to calculate of water surface profiles. 
 
Various basic equations are used for the HEC-RAS algorithm to calculate 
water surface elevations by using the standard step method of steady flow analysis 
(Manandhar 2010; USACE 2012b): 
Energy Equations 
Water surface profiles are computed from one cross-section to the next by 
solving the Energy equation with an iterative procedure called the standard step 
method. The Energy equation is written as follows: 
 
𝑍2 + 𝑌2 +
𝑎2 𝑉2 
2
2𝑔 
=  𝑍1 + 𝑌1 +
𝑎1 𝑉1 
2
2𝑔 
+ ℎ𝑒    2.7 
Where 
 𝑍1 , 𝑍2 = Elevation of the main channel inverts 
 𝑌1 , 𝑌2  =  Depth of water at cross sections 
  𝑉1, 𝑉2 = Average velocities (total discharge/total flow area) 
𝑎1, 𝑎2   = Velocity weighting coefficients 
          𝑔 =  Gravitational acceleration 
        ℎ𝑒  =  Energy head loss 
 
A diagram showing the terms of the energy equation is shown in Figure 2.5. 
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Figure 2.5: Representation of Terms in the Energy Equation (Brunner 2010) 
The equation for energy head loss (ℎ𝑒 ) is as follows: 
 
ℎ𝑒 = 𝐿𝑆̅ 𝑓 + 𝐶 |
𝑎2  𝑉2
2
2𝑔
− 
𝑎1 𝑉1
2 
2𝑔
|     2.8 
Where: 
𝐿  = Discharge weighted reach length 
𝑆̅ 𝑓 = Representative friction slope between two sections 
𝐶 =  Expansion or contraction loss coefficient 
The distance weighted reach length, L, is calculated as: 
 
𝐿 =
𝐿𝑙𝑜𝑏?̅?𝑙𝑜𝑏 + 𝐿𝑐ℎ ?̅?𝑐ℎ + 𝐿𝑟𝑜𝑏?̅?𝑟𝑜𝑏 
?̅?𝑙𝑜𝑏 + ?̅?𝑐ℎ + ?̅?𝑟𝑜𝑏 
   2.9 
Where: 
  𝐿𝑙𝑜𝑏, 𝐿𝑐ℎ , 𝐿𝑟𝑜𝑏 = Cross section reaches lengths specified for flow in 
the left over bank, main channel and right over bank respectively. 
 ?̅?𝑙𝑜𝑏, ?̅?𝑐ℎ, ?̅?𝑟𝑜𝑏 =  Arithmetics average of the flows between sections 
for the left over bank, main channel and right over bank respectively. 
 
 
The determination of total conveyance and the velocity coefficient for a cross 
section requires that flow be subdivided into units for which the velocity is 
uniformly distributed. The approach used in HEC-RAS is to subdivide flow in the 
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over bank areas using the input cross-section n-value break points (locations where 
n-values change) as the basis for subdivision (Figure 2.6), which is calculated within 
each subdivision from the following forms of Manning’s equation: 
 
𝑄 = 𝐾𝑆𝑓
1/2 2.10 
 
𝐾 =
1.486
𝑛 
 𝐴𝑅2/3     2.11 
Where: 
𝐾 = Conveyance for subdivision 
𝑛 =  Manning’s roughness coefficient for subdivision 
𝐴 =  Flow area for subdivision 
𝑅 =  Hydraulic radius for subdivision (area/wetted perimeter) 
𝑆𝑓 = Friction slope 
 
The main channel conveyance is typically calculated as a single conveyance 
element. The total conveyance for the cross-section is obtained by summing the three 
subdivision conveyances (left, channel and right). 
 
Figure 2.6: HEC-RAS Default Conveyance Subdivision Method (Brunner 2010) 
The alternative method is available in HEC-RAS. It is used to compute the 
conveyance between every coordinate point in the over banks (Figure 2.7). The 
conveyance summed to get the total left over bank and right over bank values. 
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Figure 2.7: Alternative Conveyance Subdivision Method (Brunner 2010) 
 
In each cross-section the mean of kinetic energy heads is obtained by 
completing a flow weighted energy from the three sub-sections of the cross sections 
(left over bank, main channel and right over bank). Figure 2.8 shows the mean 
kinetic energy calculation process for a cross-section with a main channel and a right 
over bank. 
 
Figure 2.8: Mean Energy Head Calculation (Brunner 2010) 
To compute the mean kinetic energy, it is necessary to obtain the velocity head 
weighting coefficient alpha. Alpha can be calculated by using the following 
equation: 
 
𝛼 
?̅?2
2𝑔 
=  
𝑄1 
𝑉1
2  
2𝑔 + 𝑄2 
𝑉2
2
2𝑔 
𝑄1 + 𝑄2
    
2.12 
V1 = mean velocity for subarea 1 
V2 = mean velocity for subarea 2 
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𝛼 =  
(𝐴1)
2 [
𝐾𝑙𝑜𝑏
3
𝐴𝑙𝑜𝑏 
2  
⁄ +
𝐾𝑐ℎ
3
𝐴𝑐ℎ 
2⁄ +
𝐾𝑟𝑜𝑏
3
𝐴𝑟𝑜𝑏 
2⁄ ]
𝐾1
3  
2.13 
Where: 
𝐴1 = Total flow area of cross-section 
𝐴𝑙𝑜𝑏, 𝐴𝑐ℎ, 𝐴𝑟𝑜𝑏 =  Flow areas of leftover bank, main channel, right 
over bank, respectively 
𝐾1 =  Total conveyance of cross-section  
𝐾𝑙𝑜𝑏 , 𝐾𝑐ℎ, 𝐾𝑟𝑜𝑏 = Conveyances of leftover bank, main channel, right 
over bank, respectively. 
𝑄1 = Discharge at the downstream cross section 
𝑄2 = Discharge at the upstream cross section 
𝑔 =Gravitational acceleration 
 
2.9.3 HEC-GeoRAS Extension 
HEC-GeoRAS is an extension of ArcGIS; which is a GIS software developed 
and copyrighted by the Environmental Systems Research Institute, Inc., (ESRI) 
Redlands, California (USACE 2012a). This program was designed specifically to 
address geographic data analysis systems used with the rivers in the hydrologic 
engineering centre (HEC-RAS). This extension allows the user to create an input file 
(HEC-RAS) which contains a model for engineering related attribute data to the 
digital elevation model (DEM) with the complementary data set (Fosu et al. 2012). It 
can also handle the features of the surface of the water for the purpose of depicting 
the depths of water immersion within its borders. The program (HEC-GeoRAS) 
provides a direct link to the transfer of information between Geographic Information 
Systems and the HEC-RAS (USACE 2012a). 
 
Recently, the remote sensing technology and new satellite platforms has been 
applied to validate flood inundation models (Bates 2004). For many decades, the 
flood extent from flood inundation models were validated using the ground truth 
surveys which were not very effective (Bates 2004). 
A study was undertaken to recreate the main flood event in 2000 in the lower 
Mekong basin in Cambodia for the four provinces of Kompong Cham, Prey Veng, 
Kandal and Phnom Penh. This was done by using HEC-RAS model, HEC-GeoRAS, 
and GIS environment to simulate the flood depth and extent in Mekong River for the 
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year 2000 flood event in the four provinces of Cambodia. The validation was done 
by comparing the HEC-RAS outputs with a flood map derived from RADARSAT-1 
Synthetic Aperture Radar (SAR) image as well as field data. From the results, it was 
observed the flood extent map that produced from the hydraulic model closely 
agreed to pre-existing maps. It was observed that the comparative method is a 
successful way to verify the authenticity of the results (Hazarika et al. 2006). 
The historical flood events of December 1993 and January 1995 were 
simulated by utilising the river modelling system Mike11/Mike GIS. The output 
results were compared by using previous flood maps delineated by water authorities 
and ERSSAR satellite radar derived flood maps. This led to the creation of an 
accurate description of the spatial extent of floods and its temporal evolution (Timbe 
et al. 2005). 
Samarasinghea et al. (2010) used satellite images for a one in 50 year flood 
event to extract the flood that occurred on June 2008 in Kalu-Ganga River, Sri 
Lanka. These maps were compared with the flood extent derived from the flood 
extent obtained for the 50 year rainfall utilising the HEC-HMS and HEC-RAS 
models. This approach can be used to validate an information system for flood 
forecasting, planning and management using remote sensing data with the assistance 
of flood inundation maps of different periods of time, and using results of the flood 
risk analysis of the study area. 
 
This chapter reviewed previous studies, software, and applications coupled 
with hydrologic and hydraulic models. Previous studies illustrated the evolution and 
progress that has occurred in hydrologic/hydraulic models and the effectiveness of 
this technique for studies concerned with flooding, especially flash floods that occur 
in urban areas. 
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METHODOLOGY 
 
The earlier chapter reviewed the development and progress that has occurred in 
hydrologic and hydraulic models and the effectiveness of this technique for studies 
concerned with flooding, especially flash floods that occur in urban areas. This 
chapter described the methods utilised in the HEC-HMS and HEC-RAS models. A 
sources of data were described. Selected the parameters used at each method in 
hydrologic and hydraulic models to obtain accurate results. The validation process 
for hydraulic results were described. 
 
Toowoomba is located on the western side (27° 34′ 0″ S, 151° 57′ 0″ E ) of the 
Great Dividing Range approximately 700 m above sea level with most of the city on 
the west of the divide. The Toowoomba Regional Council (TRC) covers 116.5 km2 
and is situated to the west of Brisbane (125.3 km) and the Lockyer Valley (37.7 km) 
(Queensland Floods Commission of Inquiry (QFCI) 2011). The terrain within the 
city is undulating and consists of a number of ridges and valleys which divide it into 
six distinct catchments (Collins 2011). Four catchments (East Creek, West Creek, 
Black Gully and Gowrie Creek) were affected by the flood event of 10 January 2011. 
These catchments join to form the Gowrie Creek system covering an area of about 
56 km2 within the TRC. The Gowrie Creek system is at the headwaters of the 
Condamine River which subsequently flows into the Murray-Darling River system. 
It does not contain major water storage areas, although many detention basins have 
been constructed in the catchment as part of a broader flood mitigation strategy 
(Collins 2011). 
The study area used in this research was the catchment of West Creek. It 
covers an area of approximately 16.4 km2 (Figure 3.1). It extends from the southern 
extent of the city north to the Central Business District (CBD) and westwards from 
Middle Ridge to a ridgeline historically known as West Ridge. Most of the West 
Chapter 3                                                                                                              Methodology 
34 
Creek Catchment is developed with residential areas in the south, industrial zones in 
the centre, and commercial uses in the northern areas in and around the CBD. 
Almost 37% of the catchment is impervious to water (Collins 2011). The catchment 
has a peak elevation of about 722.86 m which decreases gradually to 581.55 m in the 
downstream area of Toowoomba City. The catchment has moderately steep slopes 
with runoff travelling quickly over an impervious surface to the watercourses. The 
flow velocity within the stream is high because the waterways in this catchment are 
steep and the channel is narrow. The land bordering of West Creek is predominantly 
owned by the Council and consists of ponds, wetlands and detention basins in the 
southern sections and concrete lined channels in the northern sections adjacent to the 
industrial and commercial areas. “West Creek is intersected at ten locations along its 
length with the majority of structures having a reasonable hydraulic capacity” 
(Collins 2011). 
 
 
 
(Liu et al. 2011) 
 
 
Figure 3.1: Study Area 
 
Annual rainfall in Toowoomba in 2011 was 1156.8 mm. In January 2011, 
Toowoomba City received intense rainfall (123.4 mm) in the Gowrie Creek 
Catchment from 12 pm to 4 pm (BOM 2013). 
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There are five different soil types in Toowoomba Plateau and surrounding 
areas as listed below (Howard et al. 2005): 
 Charlton-Beauaraba (CB); 
 Charlton-Craigmore (CC); 
 Toowoomba-Gabbinbar (TG); 
 Ruthven-Middle Ridge (RM); and 
 Drayton-Kynoch (DK). 
Their descriptions is shown in Table 3.1. 
Table 3.1: Description of Soil Associations (Thompson & Beckmann 1959) 
Soil 
Association 
Location Colour Texture Drainage PH 
Soil 
Depth 
(m) 
CB 
 
Uplands 
Grey/Black  
Heavy 
clay 
Slow after 
initial 
wetting 
Neutral-
alkaline 
0.1-0.8 
CC Brown/Black Alkaline 0.3-1.2 
TG 
 
Toowoomba 
Plateau 
Dark Red Clay 
 
Free 
draining 
Acid >2.0 
RM 
Red Clay loam Acid >2.0 
DK 
Red Clay 
Acid-
neutral 
0.4-1.1 
Thompson and Beckmann (1959), collected five samples of soils in different 
areas in Toowoomba as shown in Figure 3.2. Soils in the Toowoomba area are 
basaltic and changeable in depth. The soils on the Toowoomba Plateau are red clays 
or clay loams. The soils on the uplands adjoining the Toowoomba Plateau to the 
west consist of grey or black clays, and are heavier in texture than those found on the 
plateau. The red soils (TG, RM and DK) are generally deeper with soil depths 
reaching in excess of 2.0 m. The black soils (CB and CC) are generally shallower, 
though they can still reach depths of 1.2 m. 
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Figure 3.2: Location of soil type relative to soil  
associations (Howard et al. 2005) 
 
The data were used in this research includes LiDAR data, high resolution 
satellite imagery (Worldview-2), field surveying, and water level and rainfall data. 
3.3.1 Light Detection and Ranging (LiDAR) Data 
The LiDAR data was sourced from a Toowoomba wide LiDAR survey 
conducted in 2010 by Schlencker Mapping Pty Ltd for the Toowoomba City 
Council. It was collected using the Optech ALTM Gemini LiDAR system flying at 
an altitude of 1200 m above sea level during the period 29 June 2010 to 16 July 
2010. A configured laser scanner recorded up to four returns of each laser pulse. No 
LiDAR return happens in the water area. The returns were classified into ground and 
non-ground points (Schmap 2010). The ground data is a bare-earth data without any 
features such as building and trees etc. The ground data were used for the DEM 
generation in the study area. The average spacing of the LiDAR data was 1.0 m. 
Table 3.2 shows the full meta-data of the LiDAR data (Schmap 2010). 
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Table 3.2 : LiDAR meta-Data (Schmap 2010) 
                           LiDAR METADATA 
Acquisition Start Data 29th June 2010 
Acquisition End Data 16th July 2010 
Device Name Optech’ ALTM Gemini’ 
IMU Applanix ‘Litton 510’ 
Flying Height (AGL) 1200 m 
No. of Runs 242 
Swath Width 1000 m 
Side Overlap 30% 
Horizontal Datum GDA94 
Vertical Datum AHD 
Map Projection MGA Zone 56 
Control 302 surveyed GPS control 
points 
Vertical Accuracy ± 0.15 m @ 1σ 
Horizontal Accuracy ± 0.22 m @ 1σ 
Surface Type Ground and DTM 
Average Point Separation 1.0 m 
Laser Return Types  1st through to 4th 
 
3.3.2 High Resolution Satellite Imagery Worldview-2 
WorldView-2 imagery (WV-2), captured on the 10th of June 2010, was used to 
create a land cover map of the study area. WorldView-2 is the first high resolution 8-
band multispectral sensor commercial satellite operating in the visible to near 
infrared range (Padwick et al. 2010). This imagery provides 0.46 m resolution 
panchromatic imagery and 1.85 m resolution multispectral imagery. The product is 
delivered as a 2 m resolution multispectral image. WorldView-2 focuses on specific 
ranges of the electromagnetic spectrum which are sensitive to specified features on 
the land, water or atmosphere (Santillan & Paringit 2013). 
The increased spectral fidelity of WorldView-2, together with its very high 
spatial resolution provides high quality data suitable for feature classification. Land 
classification in WV-2 is expected to deliver a 10 % - 30 % improvement in 
accuracy compared with traditional visible and near-infrared imagery classification 
(DigitalGlobe 2010). 
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3.3.3 Field Surveying Data 
In order to use the accurate data about water flow in the study area, a field 
surveying of West Creek was necessary for the hydrologic/hydraulic analysis. 
Images were taken to illustrate the type of hydraulic structures built in the West 
Creek Channel (Appendix E). This aided in identifying the types of structures in the 
catchment such as bridges, culverts, dams, canals, reservoirs, etc, which were needed 
for analysis in the Hydraulic Engineering Center-River Analysis Systems (HEC-
RAS) model. 
Positions at which detailed measurement were made (Measurement Stations) 
were selected every 25 m from upstream to downstream. These were identified in a 
pilot survey which also identified the main channel banks and cross-sectional data at 
each station. Many ground data points were collected at each station to generate the 
cross-sectional data. This data was used to identify the Curve Number (CN) for each 
material in the catchment in the hydrologic model (Figure 3.4). 
A Trimble R8 GPS (accuracy of 0.5 cm–3 cm) was used for recording each 
point’s position in the cross-section in the study area as illustrated (Figure 3.3). The 
Trimble R8 was setup for automated data collection of ground points at 25 m 
intervals. 
 
Figure 3.3: Field Survey Data using GPS 
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Figure 3.4: Navigation Points in Study Area using GPS 
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3.3.4 Hydrologic Modelling Datasets 
Rainfall Data 
Meteorological data were collected by the Commonwealth Bureau of 
Meteorology (BoM) (BOM 2013; ICA 2011) using two types of rainfall stations: 
 Daily-read stations that report twenty four hour rainfall for the period ending at 
9:00 am per day. 
 Event-based short duration stations (Pluviographs) which record the time in 
small increments of rainfall occurrence (typically 1 mm or 0.5 mm 
increments). Small catchments require finer time resolution, hence 
Pluviograph data is the most appropriate option (ICA 2011). 
Short duration rainfall data were also collected by the TRC at six locations 
throughout the Gowrie Creek Catchment on the 10th January 2011 (ICA 2011). The 
locations and details of the six functioning stations are shown in Table 3.3 and 
illustrated in Figure 3.5. 
Table 3.3: Available Short Duration Rainfall Stations (ICA 2011) 
Station No Station Name Station Location 
1 Prescott St  Corner Prescott and Goggs Streets  
2 Alderley St  Alderley Street at West Creek  
3 Middle Ridge  Middle Ridge Pump Station  
4 USQ  University of Southern Queensland  
5 Gabbinbar  Gabbinbar Reservoir at Nelson Street  
6 Eastern Valley  Eastern Valley at South Street and 
Mackenzie Street  
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Figure 3.5: Location of the Short Duration Rainfall Stations in West Creek Catchment 
Rainfall intensity and duration vary significantly with distance from a rain 
gauge. Thus, care needs to be taken in implying rainfall behaviour away from the 
closest rain gauge. Rainfall data are required as an input into the HEC-HMS model 
to create peak discharge in sub-basins of the study areaTable 3.4 lists the recorded 
maximum rainfall intensities and severity in Toowoomba, on the 10th of January 
2011. 
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Table 3.4: Recorded Maximum Rainfall Intensities and Severities in Toowoomba,10 January 2011 (ICA 2011) 
Storm 
Duration 
1 
Prescott St 
2 
Alderley St 
3 
Middle Ridge 
4 
USQ 
5 
Gabbinbar 
6 
Eastern Valley 
Intensity 
(mm/hr) 
ARI 
(Yrs) 
Intensity 
(mm/hr) 
ARI 
(Yrs) 
Intensity 
(mm/hr) 
ARI 
(Yrs) 
Intensity 
(mm/hr) 
ARI 
(Yrs) 
Intensity 
(mm/hr 
ARI 
(Yrs) 
Intensity 
(mm/hr 
ARI 
(Yrs) 
5 min 156.0 7 138.0 4 144.0 5 106.4 2 84.0 <1 150.0 5 
10 min 132.0 14 129.0 12 132.0 14 106.0 4 75.0 1 126.0 10 
15 min 120.0 18 120.0 18 122.0 19 106.0 10 72.0 2 112.0 12 
20 min 108.0 29 115.5 42 109.5 31 93.0 13 67.5 2 105.0 22 
30 min 100.0 67 104.0 86 103.0 82 90.0 38 67.0 6 98.0 51 
1hr 81.0 >100 74.5 >100 77.5 >100 72.0 >100 51.5 15 78.5 >100 
2hr 50.5 >100 42.8 81 46.8 >100 43.2 >100 31.3 13 48.0 >100 
3hr 34.7 >100 29.2 43 32.3 94 29.8 61 22.2 9 33.0 80 
6h 18.3 48 15.3 17 17.6 45 16.1 31 12.6 6 17.5 33 
12hr 10.0 20 8.0 6 9.5 19 8.6 12 6.9 3 9.4 13 
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Figure 3.6 shows the rainfall hyetographs and intensities. It depicts 15 minute 
rainfall records at the different stations between 9:00 am and 4:00 pm on the 10th of 
January 2011. These data indicate that the intensity rainfall on the Gowrie Creek 
Catchment from 12:00 pm to 4:00 pm on the 10th of January caused flooding in 
Toowoomba city (ICA 2011). 
 
Figure 3.6 a: Prescott St Rain Gauge 
 
Figure 3.6 b: Alderley St Rain Gauge 
 
Figure 3.6 c: Middle Ridge Rain Gauge 
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Figure 3.6 d: USQ Rain Gauge 
 
Figure 3.6 e: Gabbinbar Rain Gauge 
 
 
Figure 3.6 f: Eastern Valley Rain Gauge 
 
Figure 3.6 (a- f): Rainfall Hyetographs and Intensities (Gauge Data) (ICA 2011) 
 
 
Chapter 3                                                                                                             Methodology 
45 
3.3.5 Hydraulic Modelling Datasets 
Water Level Data 
Water level data was collected by the Commonwealth Bureau of Meteorology 
(BoM) (BOM 2013). Many councils also collected peak flood level data to 
determine the extent and depths of inundations at roadways, culverts and bridges, 
etc. (ICA 2011). 
The Cranley stream gauge was the only gauge used to collect the water level 
data (Station No. 422326) in the Gowrie Creek Catchment. It is located about 6 km 
north (downstream) of the Toowoomba CBD. It is operated by the Department of 
Environment and Resource Management (DERM). The catchment area measured by 
the Cranley stream gauge about 47 km2 (ICA 2011). 
Figure 3.7 shows the recorded water levels in Gowrie Creek at the Cranley 
stream gauge on the 10th of January 2011. It also includes the 5 minute rainfall 
records at Prescott Street within the Toowoomba CBD during the same time period. 
The Cranley gauge malfunctioned from 2:00 pm and 4:00 pm, which explains the 
erratic record at these times. 
 
Figure 3.7: Recorded Gowrie Creek Water Levels at Cranley Stream Gauge, 10 January 2011 (ICA 2011) 
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The general method used in this research consists of seven main steps: 
Step 1: Use of GIS software to create the DEM of the study area. 
 
Step 2: Use of the Arc Hydro extension to ArcGIS to define the West Creek 
geographical catchment. 
 
Step 3: Supervised classification of high resolution satellite imagery to 
generate maps of pervious and impervious areas. 
 
Step 4: Use of HEC-GeoHMS in ArcGIS and HEC-HMS to compute the flow 
rate of the catchment. 
 
Step 5: Use of HEC-GeoRAS in ArcGIS and ArcGIS Spatial Analyst 
environment to process geospatial data for creating geometric data. 
 
Step 6: Use of HEC-RAS to analyse the geographic database and watershed 
analysis to produce a hydraulic model showing flooding of West Creek in 
different epochs. 
 
Step 7: Validation by Comparison of results with the previous flood models. 
This approach is shown in Figure 3.8 
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Figure 3.8: Conceptual Research Methods and Approach 
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3.4.1 Creating Surfaces from the LiDAR Data 
The LiDAR ground return points were interpolated into a Digital Elevation 
Model (DEM). This was done by using Inverse Distance Weight (IDW) interpolation 
technique. The IDW assumes the closer a sample point is to the prediction location, 
the more influence it has on the predicted value. It determines cell values using a 
linearly weighted combination of a set of sample points. The weight is a function of 
inverse distance. The surface being interpolated should be that of a locationally 
dependent variable. It is depend on the distances among the data locations and the 
particular location to be evaluated. The relative locations between sampling data are 
not considered. The IDW method works good for dense and evenly distributed 
sample points. For highdensity LiDAR data, IDW is a suitable interpolator. It was 
selected because there were many closely spaced data points (Liu 2008). A two 
meter resolution DEM was generated from the LiDAR data. Figure 3.9 shows the 
DEM of West Creek Catchment. 
 
Figure 3.9: Digital Elevation Model DEM using IDW Method 
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3.4.2 Watershed and Stream Network Delineation 
The first step in hydrologic modelling involves delineating the streams and 
watersheds and measuring basic watershed properties such as area, slope, flow 
length, and stream network density. Traditionally streams and watersheds were 
delineated manually by using the contours in topographic maps. With the availability 
of DEMs and GIS tools, watershed properties can be extracted using digital 
procedures. The processing of DEMs to delineate catchments is known as terrain 
pre-processing. There are many tools available online for terrain pre-processing. 
Arc Hydro tools was used to pre-process the DEM derived from the LiDAR 
data to delineate the catchment, its sub-basins, stream network and some other 
catchment characteristics that describe the drainage patterns of the catchment 
(Figure 3.10). The results from terrain processing can be used to generate input files 
for hydrologic models using HEC-GeoHMS. 
Using the DEM data as input and the procedures in Arc Hydro Tools, the pre-
processing steps were performed in sequential order, from top to bottom. These are 
basic steps that are performed for interactively delineating sub-basins and to enhance 
data extraction when defining a HEC-GeoHMS project. Figure 3.11 shows the 
watershed and stream delineation in West Creek Catchment. 
In stream definition, three tests have been conducted to select the suitable 
threshold in this research. The first test, the number of cell in threshold was 6500 
cell. This gave 60 sub-basins in the catchment area. In the second test, the number of 
cell in threshold was decreased to 5200 cell. This caused to increase the number of 
sub-basins into 73 sub-basins. The last test, the number of cell in threshold was 8000 
cell. This led to decrease the sub-basin to 45 sub-basins. After comparing the results, 
the second test gave too much details of the sub-basins and stream network in the 
catchment area. The third test gave less details of the sub-basins and stream network. 
The suitable threshold for this research was selected in the first test, because it gave 
more and acceptable details that needed for hydraulic and hydrologic modelling. 
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Figure 3.10: Terrain Pre-processing using Arc Hydro Tools in ArcGIS 
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(a)                                                                                           (b) 
Figure 3.11: Terrain Processing for West Creek Catchment using Arc Hydro: 
 a) Catchment Polygon processing  b) Drainage Line processing 
3.4.3 Rainfall Runoff Modelling 
3.4.3.1 HEC-HMS and HEC-GeoHMS Model 
The Hydrologic Engineering Center–Geospatial Hydrologic Modelling System 
Extension (HEC-GeoHMS) was used for preparing the data for analysis in HEC-
HMS. It is a set of ArcGIS tools specifically designed to process geospatial data to 
create input for HEC-HMS. It provides the links for translating GIS spatial 
information into model files for HEC-HMS (Fleming & Doan 2013). 
The GIS capability is utilised for data formatting, processing and coordinate 
transformation. Currently, HEC-GeoHMS operates on a DEM to prepare a number 
of hydrologic inputs, which are used later by HEC-HMS to develop the hydrologic 
model. Figure 3.12 shows the major steps in starting a project and taking it through 
the hydrological modelling process. A HEC-HMS simulation requires three main 
input parameters, the Basin model, the Meteorological model, and the Control 
Specifications. The processes necessary to create the data for the export files are 
discussed in the following section. 
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Figure 3.12: Hydrological Model Steps using HEC-GeoHMS 
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The main input data to the HEC-GeoHMS and HEC-HMS model is a DEM. 
DEM presents a valuable source of important hydraulic or hydrologic information 
for flood plains environment (Schumann et al. 2008). It is used to define the stream 
network and disaggregate the catchment into a series of interconnected sub-basins in 
HEC-GeoHMS for use in HEC-HMS. Other input data were used for this model 
included stream flow gage data (rainfall events), hydrologic soil group, and land use/ 
land cover information. 
 
The hydrologic process is usually in charge of the hydrological model 
construction and setup. A HEC-HMS project area is created by defining the outlet of 
the watershed. Then, new datasets consisting of the MainViewDEM, RawDEM, 
HydroDEM, flow direction grid, flow accumulation grid, stream grid, stream link 
grid, catchment grid, sub-basin, project point and stream are added for each new 
project. 
 
Input files for the HEC-HMS project were generated by using the HMS project 
setup menu. The HMS project setup is responsible for extracting all the needed data 
that were utilized to develop the necessary information to generate an HMS project. 
To do this, a new project was initiated through the module “HMS Project setup”, so 
that a directory for the extracted data was created (Fleming & Doan 2013). A project 
point was identified which is the downstream outlet. After identifying the 
downstream outlet, a Generate Project tool was used to create the project area. The 
project area layer was used to show the upstream drainage area for the outlet point 
(Fleming & Doan 2013). The important data for the drainage area were extracted 
from the Terrain Pre-processing step (section 3.4.2, Figure 3.10) and a project for the 
study area was created (Figure 3.13). 
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Figure 3.13: Project Point and Project Area for the West Creek Catchment 
 
 
Basin Processing is used to modify and revise the sub-basin delineations. It 
contained the following functions basin merge, basin subdivision, stream merge, 
stream profile, extract physical characteristics of streams of sub-basins, and develop 
hydrologic parameters. 
(1) Basin Merge 
The sub-basins were merged together into one basin. To achieve this process 
there are rules to merge sub-basins: 
 Sub-basin must share a common confluence; 
 Sub-basin must be adjacent in an upstream and downstream manner; and 
 More than two sub basins are permitted. 
Chapter 3                                                                                                             Methodology 
55 
(2) Stream Profile 
The stream profile provides information on slopes and grade breaks that can be 
useful for selecting delineation points. It generated by extracting elevation values 
from the terrain model along the stream line as per Figure 3.14. 
 
Figure 3.14: Stream Profile of the West Creek Catchment 
 
After the stream and sub-basin delineation was completed, physical 
characteristics for a sub-basin (for example longest flow length, centroidal flow 
lengths, and slopes) were extracted from the terrain data. Physical characteristics for 
a stream line (for example length, upstream and downstream elevations, and slope) 
were also extracted from the terrain data. These characteristics were saved in the 
attribute tables of the stream and sub-basin layers. Table 3.5 shows the physical 
characteristics of the watershed. 
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Table 3.5: Physical Characteristics (Fleming & Doan 2013) 
Data Layer Physical Characteristics Attribute Table 
Heading 
Stream Layer Length 
Upstream elevation 
Downstream elevation 
Slope 
StrLen 
ElevUP 
ElevDS 
Slp 
Sub basin Layer Area Area 
Centroid Layer  Centroid location 
Centroid elevation 
Elevation 
Longest Flow Path Layer Location of the longest flow path 
Longest flow path 
Upstream elevation 
Downstream elevation 
Slope between endpoints 
 
LongestFL 
ElevUS 
ElevDS 
Slp 
Centroidal Flow Path 
Layer 
Location of the Centroidal flow 
path 
Centroidal Length 
 
CentroidalFL 
 
(1) Stream Length 
This step computes the stream length using the stream layer for selected or all 
routing reaches in the stream layer. 
(2) Stream Slope 
This function extracts the upstream and downstream elevations of a stream 
reach and calculates the slope. The upstream and downstream elevations and slope 
were added to the stream layers attribute table. 
(3) Basin Slope 
The basin slope in the catchment was calculated using the slope grid for each 
sub-basin. The Curve Number Lag time parameter has been used to compute the 
basin slope. 
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Figure 3.15: Mainstream and Basin Slope 
(4) Longest Flow Path 
Several physical characteristics such as, longest flow length, 
upstream/downstream elevations and slope between endpoints were calculated using 
the DEM, and flow direction grid for each sub-basin. These characteristics were 
stored in the longest flow path layers. 
(5) Basin Centroid 
The basin centroid was identified for each sub-basin. Three methods are 
available for defining the centroid: i) center of gravity method, ii) longest flow path 
method, and iii) fifty percent area method. The center of gravity method.was used for 
defining the basin centroid. 
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Figure 3.16: Basin Centroid 
(6) Basin Centroid Elevation 
This step calculated the elevations for each centroid point from the DEM. The 
elevations were stored in the centroid layers attribute table. 
(7) Centroidal Flow Path 
The sub-basin centroid was projected onto the longest flow path. The 
centroidal flow path was measured from the projected point on the longest flow path 
to the sub-basin outlet Figure 3.17. 
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Figure 3.17: Centroidal Longest Flow Path 
 
 
After the physical characteristics of the streams and sub-basins were extracted, 
the hydrologic parameters were identified. These parameters include the HMS 
process (loss method, transform method, and routing method), stream auto name, 
basin auto name, time of concentration, and curve number lag method. The SCS 
curve number was selected for the loss method and the transform method. The 
Muskingum method was selected for the stream routing method. 
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The HMS module (HEC-GeoHMS) was used to develop a background shape 
file, a basin model file, grid-cell parameter file, meteorologic model file and project 
file. 
3.4.4 Catchment Surface Classification 
In the context of remote sensing and image processing,  classification can be 
defined as the process of sorting pixels into a finite number of individual classes, or 
categories, based on their digital number (DN) values (Pouncey et al. 1999). The 
process is referred to as image segmentation. WorldView-2 imagery was classified 
into land cover types using supervised classification in ERDAS imagine software. 
Figure 3.18 shows the classification procedures that were used to produce the land 
cover map. 
Mosaic
(MosaicPro)
Input data 
WV-2 Images
(2 m resolution)
(0.5 m resolution)
Pan Sharpen techniques
Supervised Classification
techniques
Create Land Use 
Categories
Land Cover Map
 
 
Figure 3.18: Supervised Classification of High Resolution Satellite Image 
The pan sharpened WV-2 image was classified using the Maximum Likelihood 
supervised classification to produce a land cover map. The Maximum Likelihood 
Classifier (MLC) has the ability to provide better results in comparison to more 
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recent supervised classification methods, for instance Support Vector Machine or 
Neural Network (Kuching 2007). Many remote sensing specialists prefer to use this 
technique, because it is readily available and has a fast processing time (Parshakov 
2012). The major advantage of this technique is that it provides an estimate of 
overlap areas. (Hogland et al. 2013). It takes into account the covariance of the data, 
unlike some other commonly used classifiers. Through the training phase, 220 
training sites were selected using on screen digitization of specific polygons. Limited 
field visits were undertaken for collecting the training samples (Figure 3.19). The 
spectral classes obtained from this method were transferred to the "signature editor" 
in the classification module. After choosing the spectral signatures and checking 
them for the same spectral class, they were merged into a single class. The merged 
signature files were saved and used for image classification. After the signatures for 
each land cover category were defined, the software used these signatures to classify 
the remaining pixels (Coskun & Alparslan 2009). 
 
Figure 3.19: Collection of Spectral Signatures 
The five land cover categories were identified to produce the five land use 
categories which included, (i) urban and built up areas (residential, industrial, 
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transportation, communication and utilities, industrial and commercial complexes, 
mixed urban), (ii) concrete, (iii) water (streams, lakes, canals), (iv) trees (deciduous, 
evergreen, bushes) and (v) open areas (Service and recreational areas) Figure 3.20). 
These land use classes were used in the hydraulic model to determine the Manning’s 
n values. 
 
Figure 3.20: Land Cover Map of West Creek Catchment 
 
3.4.5 Hydrologic Model Selection and Description 
The HEC-HMS model is defined as “hydrologic simulation software for 
modelling precipitation-runoff processes for a dendritic watershed" (Patel 2009). In 
the HEC-HMS model, a four component model was selected for the rainfall - runoff 
process. These models used a basin model, meteorologic model, control 
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specifications, and time-series data (USACE 2013). The hydrologic modelling was 
performed firstly to create flood hydrographs from single design storm events in 
2011. The HEC-HMS model had several optional methods for transforming excess 
rainfall to runoff, runoff volume representation and hydrologic routing (Wu & Xu 
2006). The base flow does not occur in the analysed watercourses, so it can be 
neglected in the modelling process. The models chosen for the rainfall-runoff 
process are shown in Table 3.6. 
Table 3.6: HMS Catchment Basin Model Parameters (USACE 2013) 
No Model Method Parameters and units 
1 Runoff Volume Model (Loss 
method) 
SCS Curve Number - Initial abstraction (mm) 
- Curve Number 
- Impervious area% 
2 Direct Runoff Model 
(Transform method) 
SCS Unit hydrograph - Graph type 
- Lag time (min) 
3 Channel Flow Model (Route 
method) 
Muskingum Routing  - Muskingum K (HR) 
- Muskingum X 
These models were designed to model single storm events rather than 
continuous precipitation data (Heimhuber 2013). Each of the three chosen models 
and the underlying mathematical equations are described in detail in the following 
sections. 
3.4.5.1 Basin Model Development 
 
The term loss refers to the amount of rainfall infiltrating into the soil. The 
precipitation loss method has been used for overland flow, where accounting for the 
infiltration losses is necessary. There are multiple methods available in HEC-HMS 
for calculating losses such as deficit and constant, SCS curve number, gridded SCS 
curve number, soil moisture accounting and the green and ampt etc. These methods 
provided an estimate of moisture depletion for simulations over extended periods of 
time (USACE 2013). The Soil Conservation Service (SCS method) was chosen for 
hydrologic analysis in this study because: 
 When it is used in different environments, it provides acceptable results 
 Fewer variables needed to be estimated for calculation of the SCS method 
(hydrologic soil group, land use/land cover and slope) 
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 It gave result that were as good as those of complex models (Lastra et al. 
2008). 
The curve number values for different land use classes, and mean impervious 
percentages were taken from Chow et al. (1988) and are shown in Table 3.7. 
 
After the precipitation losses are computed, a transform method must be 
specified for transforming overland flow into surface runoff. The runoff 
transformations convert excess precipitation in a sub-basin to direct runoff at the 
sub-basin outlet. Several transform methods are available in the HEC-HMS model 
such as the soil conservation service unit hydrograph, clark or snyder unit 
hydrographs, kinematic wave, mod clark and user specified unit hydrograph 
(Feldman 2000; USACE 2013). The SCS Unit Hydrograph for direct runoff 
computation was selected for this process because of simplicity, minimum data 
requirements and it gave a better result than the other methods (Györi & Haidu 
2011). 
Table 3.7: Land Use Categories and Curve Number (Chow et al. 1988) 
Description 
Mean% 
Impervious 
CN for each hydrologic soil 
group Typical Land use 
A B C D 
Residential (High 
Density) 
65 77 85 90 92 
Apartment buildings, 
multiple family houses, 
trailer campings 
Residential 
(Medium density) 
30 57 72 81 86 
Single family houses 
with land up to 1 acre 
Residential (Low 
density) 
15 48 66 78 83 
Single family houses 
with land over 1 acre 
Commercial 85 89 92 94 95 
Shops, commercial 
areas 
Industrial 72 81 88 91 93 
Light industry, schools, 
treatment Centers 
Constructions 5 76 85 89 91 
Parking with gravel, 
construction areas, 
quarries 
Agriculture 5 67 77 83 87 
Cultivated areas, 
cereals and other 
cultures 
Pasture or Range 
Land, good 
conditions 
5 39 61 74 80 
Parks, golf fields, 
pastures on hills 
Meadows 5 30 58 71 78 
Grass, no grazing, 
mowed for hay 
Forests (good 
conditions) 
5 30 55 70 77 
Dense forests and 
brush that covers 
ground 
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In the SCS method, 37.5% of the runoff volume occured before the peak flow, 
and the lag time can be approximated by taking 60% of the time of concentration 
(USACE 2013). The lag time is “the length of time between the centroid of 
precipitation mass and the peak flow of the resulting hydrograph” (Feldman 2000). 
The average values of the lag time parameters were 52.5 minutes to 67.5 minutes. 
The average value depends on the position of the rain gauge stations in the 
catchment. 
 
Channel flow routing is applied to reach elements which represent stream 
segments. Once the excess precipitation has transformed into overland runoff and 
been routed to the outlet of a sub-catchment. There are several methods available in 
HMS for stream flow routing, which included kinematic wave, lag, modified puls, 
muskingum, muskingum-cunge, and straddle stagger (USACE 2013). Each of these 
methods provides a different level of detail and not all methods are equally suited to 
represent a particular stream. The Muskingum method was selected for this process 
because of  simplicity and accuracy (Chow et al. 1988). It uses cross-section 
measurements and channel properties to calculate the routing coefficients. The travel 
time through the reach was around one hour. The weighting factor between inflow 
and outflow influence ranges from 0.0 up to 0.5 (USACE 2013). A value of 0.0 
results in maximum attenuation, while a value of 0.5 results in no attenuation 
(USACE 2013). 
3.4.5.2 Meteorological Model 
The Meteorological model is a major components of HEC-HMS. Its purpose is 
to prepare meteorologic boundary conditions for sub-basins. It uses the atmospheric 
conditions over the watershed to classify the rain gauge station precipitation values 
along the watershed. The gauge weights method was adopted for the meteorological 
data analysis. The weight to be given to each gauge was defined using the inverse 
squared distance method based on Thiessen polygons (Equation 3.1). 
Forests (rare) 5 43 65 76 82 
Open forests with 
meadows or orchards 
Impervious 95 98 98 98 98 
Paved parking lots, 
roofs, driveways 
Water 100 100 100 100 100 
Areas covered with 
water, lakes, swamps 
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𝑛
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    3.1 
Where: 
wi is weight of ith rain gauge; 
di is distance of ith rain gauge from the centroid of the sub basin; and 
n is number of gauges. 
The Thiessen polygon method was adopted for dividing the study area into a 
surfaces of equal impact. This method identifies precipitation areas in the catchment. 
The locations of the rain gauges divide the channel basin into several Thiessen 
polygons, and weight was calculated for each polygon (Figure 3.21). 
 
Figure 3.21: Thiessen Polygons 
According to the weight, the total rainfall in each sub-basin can be calculated 
as a sum of the rainfall recorded through the representative for the sub-basin stations 
and distributed proportionally (Wagner et al. 2012). The impact of rain gauge 
stations that had very small weights (i.e. below a threshold of 0.01) has been 
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ignored. The weight of these stations was considered equal to zero and was added to 
the weight of an adjacent and more representative station. 
The specified hyetograph method uses a component Editor with parameter data 
for all sub-basins in the meteorological model. The gauge was selected and the 
optional depth was override for each sub-basin (USACE 2013). Precipitation gauges 
were also selected for each sub basin, which were used in Time-Series Data Manager 
(USACE 2013). 
3.4.5.3 Control Specifications Manager 
The final task in the model setup involved establishing the model's time limits. 
This was done by using "Control Specification Manager". This contains information 
about the start and end times, and the time-step interval for the simulation (USACE 
2013). This process is important to predict the peak flow for a return period of the 
2011 flood event. The duration of the flood simulation was set to four hours 
(beginning at 12:00 pm and ending at 4:00 pm on 10th January 2011. The hydrograph 
time interval was fifteen minutes for the model). 
3.4.6 Flood Inundation Modelling 
3.4.6.1 HEC-RAS and HEC-GeoRAS Model 
“HEC-RAS is an integrated system of software, which is designed for 
interactive use in a multi-tasking, and multiuser network environment” (Brunner 
2010). It is designed to perform one dimensional hydraulic computations for network 
of natural and constructed channels. The system consists of a graphical user interface 
(GUI), separating hydraulic analysis components, data storage and management 
capabilities, graphics and report facilities (Brunner 2010; USACE 2010). HEC-RAS 
was used in this research to simulate flash flooding in the West Creek Catchment. It 
is one dimensional flow model in which the stream morphology is represented by a 
series of cross sections indexed by channel stations. It calculates steady flow, 
unsteady flow, sediment transport / movable boundary computations and water 
quality analysis (Brunner 2010). The HEC-RAS model was used to calculate flood 
extent and depth due to high levels of rainfall in the catchment.  
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The HEC-GeoRAS10 tool is an extension used with ArcGIS to accurately 
represent channel reach geometries. It is a set of procedures, tools, and utilities 
designed to process geospatial data for use with the HEC-RAS. 
In addition, HEC-GeoRAS10 is applied as a suite of hydraulic pre-processing 
tools allowing for ease of geometric data definition and transfer between ArcGIS and 
HEC-RAS. HEC-GeoRAS10 has the ability to create the HEC-RAS import files that 
contain geometric attribute data from an existing DEM. It creates a series of point, 
line, and polygon layers pertinent to enhancing geometric data for HEC-RAS. The 
output results exported from HEC-RAS has been processed in the GIS environment. 
By means of HEC-GeoRAS10, an import file was generated describing the geometry 
watersheds discharging into the West Creek. The geometric data includes channel, 
reach, main channel banks, cross-sectional cut lines, cross-sectional surface lines, 
cross sectional bank stations, downstream reach lengths for the left over bank, main 
channel, right over bank, and cross sectional roughness coefficients. Figure 3.22 
provides an overview of the HEC-GeoRAS process. This diagram illustrated the 
steps in developing the RAS GIS import file (for importing geometric data into 
HEC-RAS) and processing the RAS GIS Export file (results exported from HEC-
RAS). 
Chapter 3                                                                                                             Methodology 
69 
Start an ArcGIS 
Project
GIS Data 
Development RAS 
Geometry
Generate RAS 
GIS Import File
RASImport sdf
1- Create Stream Centreline
     a. Label chaneel and reach names
     b. Atribute features
2- Cretae Cross-Sectional Cutlines
3- Create optional RAS Layers
     . Attribute features
4- Attribute Cross-Sectional Cutlines
5- Extract elevation data for RAS layers
Run HEC-RAS 
Model
1- Create new HEC-RAS project
2- Import RAS GIS Import File
3- Complete geometric, hydraulic structure 
and flow data
4- Compute HEC-RAS results
5- Review results for hydraulic correctness
Enough Cross 
Sections?
Yes
No
Generate
RAS GIS Export 
File
RASExport.sdf
RAS Results Processing
RAS Mapping
1- Convert RASExport.sdf to XML
2- Import RAS GIS Export File
3- Inundation Mapping
    a. Generate water surface TIN
    b. Generate floodplain and depth grid
4- Additional Mapping (Velocity,ice,….)
Correct 
inundated area?
Sufficient
Map detail?
Yes
No
Detailed floodplain 
analysis
YesEnough Cross 
Sections?
No
Reduce 
grid cell 
size
Yes
No
 
Figure 3.22: Process Flow Diagram for using HEC-GeoRAS (USACE 2012a) 
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The DEM of the channel system was used as the input data in HEC-GeoRAS. 
Both TIN and GRID forms of the DEM can be used in this model (USACE 2012a). 
Land use and land cover data were used to generate Manning’s n values. 
 
The first process in hydraulic model construction was to create RAS layers 
(Figure 3.23). These layers were used for geometric data development and extraction 
(USACE 2012a). The HEC-RAS layers include stream centreline, main channel 
banks, flow path centrelines, and cross-section cut lines. Additional geometric data 
were extracted from the RAS layers for importing into the HEC-RAS model. These 
layers included land use/land cover to estimate Manning’s n, levee alignments, 
ineffective flow areas, blocked obstructions and bridges/culverts (USACE 
2012a).The following section provides an overview of creating the RAS layers. 
(1) Creating Stream Centreline 
The West Creek channel represented by a stream centreline to establish the 
channel-reach network. Editing the geodatabase was done by using the Editor Tools 
in ArcGIS (USACE 2012a). The stream network was digitized from upstream to 
downstream in the direction of flow (Figure 3.24). The channel and reach name was 
assigned using the Channel Reach ID tool. The length of each channel and reach was 
computed from the starting station to the end station. The stream attributes such as 
stream topology, lengths/stations, and elevations were created (USACE 2012a). 
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Figure 3.23: Create RAS Layers (USACE 2012a) 
 
 
 
 
 
Figure 3.24: Channel Network for the West Creek Catchment 
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(2) Creating Main Channel Banks 
The bank lines layer was utilised to identify the main channel conveyance area 
from that of the overbank floodplain areas. Identification of the main channel will 
also provide greater insight into the terrain, movement of water in the floodplain, and 
in identifying non-conveyance areas (USACE 2012a). Information related to bank 
locations was utilized to assign various properties for cross-sections. For example, 
overbank areas are assigned higher values of Manning’s n than the main channel to 
account for more roughness caused by vegetation. Creating bank lines is similar to 
creating the channel centreline, but there are no specific guide lines with regard to 
line orientation and connectivity. They can be digitized either along the flow 
direction or against the flow direction, and may be continuous or broken. Figure 3.25 
shows the bank lines layer in West Creek Channel. 
 
Figure 3.25: DEM Overlaid by the Bank Lines Layer 
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(3) Creating Flow Path Centrelines 
The flow path layer contains three types of lines: centreline, left overbank, and 
right overbank. The flowpath lines layer is used to determine the downstream reach 
lengths between cross-sections in the main channel and overbank areas. A flowpath 
line should be created in the center-of-mass of flow in the main channel, left 
overbank, and right overbank for the water surface profile of interest. This layer was 
digitized in the downstream direction. The flowpath tool was used for labelling the 
flowpath line as left channel line, main channel line, and right channel line (USACE 
2012a). 
(4) Creating Cross-Section Cut Lines 
Cross-sections are one of the main inputs to the HEC-RAS model. Cross-
section cut lines are utilized to identify the locations where cross-sectional data were 
extracted from the DEM to generate a ground profile across the channel flow 
(Figure 3.26). The intersection of the cut lines with the other RAS layers determines 
bank station locations, downstream reach lengths, ineffective areas, blocked 
obstructions, levee positions, and Manning’s n values. Cross-section cut lines must 
always be located perpendicular to the direction of flow and oriented from the left to 
right bank. They should cover the whole extent area of the floodplain to be modelled 
(USACE 2012a). 
Attribute features such as channel/reach names and stations for each cross-
section were assigned according to the intersection with the stream centreline. The 
bank station locations were assigned to each cross-section. By using the downstream 
reach length menu, the reach length was assigned in terms of the flow path lines. 
This process was used to convert the 2D features to 3D features to create a new 
feature class. 
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Figure 3.26: Cross-Section Cut Lines 
(5) Creating Bridges and Culverts 
After creating cross sections, the next step was to define bridges, culverts and 
other structures along the channel. Background data such as an aerial photograph 
was used to locate bridge/culvert crossings. A bridge or culvert was treated similar to 
cross section criteria (USACE 2012a). The criteria used for defining cross sections 
are the same criteria that were used to define bridges and culverts. 
The attribute features of culvert locations, such as channel and reach names, 
and stations were assigned on the cross sections. The cross section elevations were 
extracted from the DEM. This was used to convert the 2D features to 3D features to 
generate a new feature class. 
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(6) Creating Ineffective Flow Areas 
Ineffective flow areas are used to identify non-conveyance areas (areas with 
water but no flow) of the floodplain. The areas around bridges or culverts 
representing contraction and expansion zones can be considered as ineffective flow 
areas. The positions and elevations of ineffective areas were extracted, as illustrated 
in the attribute table called "ineffective positions". This process defined the starting 
and ending location of the ineffective areas and the trigger elevations. 
(7) Creating Blocked Obstructions 
Blocked obstructions such as buildings were used to remove flow areas (areas 
with no water and no flow) from cross sections (Figure 3.27). The position and the 
elevation of each cross-section have been extracted from each obstruction and shown 
in attribute table as “Blocked Positions". 
 
(a) 
 
(b) 
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(c) 
 
Figure 3.27: Digitizing Blocked Obstructions in Catchment Area 
(8) Creating Levee Alignments 
The levee alignments layer was used to identify features that block or direct the 
flow of water from moving out into the floodplain (USACE 2012a). Ground 
elevations along the levee have been assigned using levee elevation tools. This is 
used to create a feature class called "Levee points” (Figure 3.28). 
 
Figure 3.28: Levee Elevation Points Created using the Levee Elevation Tool 
Shape * OID * LeveeID Station Elevation
Point 1 218 0.013 608.157
Point 2 218 3.733 607.849
Point 3 218 5.239 608.132
Point 4 218 7.161 608.053
Point 5 218 9.893 607.808
Point 6 218 11.155 607.926
Point 7 218 13.77 607.604
Point 8 218 16.995 607.028
Point 9 218 21.457 606.926
Point 10 218 24.471 606.759
Point 11 218 27.981 606.425
Point 12 218 30.949 606.16
Point 13 218 33.124 606.123
Point 14 218 36.053 605.977
Point 15 218 39.182 605.604
Point 16 218 41.032 605.383
Point 17 218 44.169 605.211
Point 18 218 47.673 605.11
Point 19 218 50.576 604.995
Point 20 218 54.392 604.833
Point 21 218 57.07 604.778
Point 22 218 59.517 604.701
Point 23 218 62.08 604.772
Point 24 218 63.57 604.799
Point 25 219 0 610.29
Point 26 219 2.664 610.118
Point 27 219 5.888 609.834
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(9) Creating Land Use and Land Cover 
The final step before exporting the RAS data to the HEC-RAS geometry file is 
to assign Manning’s n values to individual cross-sections. The land use layer a 
polygon data set used to establish roughness coefficients for each cut line (USACE 
2012a). This was achieved by using a land use map that shows land use feature 
classes for Toowoomba City (Figure 3.29). The Manning’s n values were assigned to 
each land use polygon (Table 3.8). This aids Manning’s n value to be extracted for 
each cross-section. 
 
Figure 3.29: Land Use in Toowoomba City 
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Table 3.8: Land Use Type and Associated Manning’s n values (USACE 2012a) 
Object ID Land Use N-Value 
1 Near stream 0.035 
2 Urban 0.055 
3 Farming 0.06 
4 HDResidential 0.08 
5 Industrial 0.1 
6 Orchards 0.055 
7 Open Space 0.04 
8 Crop/Pasture 0.05 
9 Commercial 0.12 
10 School 0.055 
11 Floodplain 0.04 
12 Open Water 0.035 
13 Golf Course 0.04 
14 WWTP 0.045 
15 Park 0.045 
16 Airport 0.04 
 
 
Before sending the results to the RAS GIS import file, it was necessary to 
select the layers to be exported from GeoRAS. The pre-processing layer setup allows 
selecting the RAS layers extraction. Figure 3.30 shows the layers that were verified 
in layer setup menu. 
 
Figure 3.30: Layer Setup for HEC-RAS Pre-processing (USACE 2012a) 
Required 
Surface
•Terrain Type
Required 
Layers
•Stream Centreline
•XSCutlines
•XSCutlines Profiles
Optional Layers
•Bank Lines
•Flow Path
•Land Use
•Levee Alignments
•Ineffective Flow
•Blocked Obstructions
•Bridge/ Culverts
Optional 
Tables
•Manning’s n 
•Levee Positions 
•Ineffective Positions
•Blocked Obstructions
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After verifying the data, GeoRAS exported the GIS data to an Extensible 
Markup Language (XML file). The XML file was converted into a Server Compact 
Edition Database File (SDF format). This creates two files, "GIS2RAS.xml and 
"GIS2RAS.RASImport.sdf", which were exported to HEC-RAS hydraulic model for 
analysis. 
 
The HEC-RAS model allows one-dimensional steady flow and unsteady flow 
analysis of the channel systems. The RAS GIS import file was utilised in the 
hydraulic model, because it contains geometric data of the channel features. 
(1) Import Geometric Data 
Prior to importing the geometric data into HEC-RAS, a new project was 
created for the RAS data files. The geometric data “West Creek 
Channel.RASImport.sdf" was imported into the HEC-RAS model using Geometric 
Data Editor. Figure 3.31 explains the steps for importing the RAS GIS file into 
HEC-RAS model. After importing the geometric data, a quality check data was 
performed to make sure there are no obvious errors or missing data. The graphical 
cross section editor was used to modify data as necessary. This tool allows 
performing numerous editing tasks such as verifying the Manning’s n values data, 
bank station data, levees, ineffective areas, blocked obstructions, and finally, cross-
section elevation data. The cross-section points filter tool was used to remove excess 
and duplicate points from the geometric data, because they affected data accuracy. 
Chapter 3                                                                                                             Methodology 
80 
 
Figure 3.31: Import Geometry Data into HEC-RAS Model 
 
(2) Hydraulic Structure Data 
The bridge and culvert data are important data for the HEC-RAS model. In this 
research the deck and roadway data and bridge and culvert data were used for 
analysis of the hydraulic structures. The deck and roadway data describes the area 
that was blocked due to the bridge or culvert deck, road embankment and vertical 
abutments. The deck and roadway Data Editor in HEC-RAS software was used to 
modify and add missing data into the culverts, bridges or other hydraulic structures 
that blocked the West Creek Channel. Information entered in the Deck Editor is 
shown in Figure 3.32. 
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(a) 
 
                                    (b)     
 
(c) 
Figure 3.32: Deck and Roadway Data Editor 
Culvert specific information was entered and edited using Culvert Data Editor 
in the geometric data windows. The Culvert Data Editor has the capability to model 
nine different types of culvert shapes. These shapes include box (rectangular), 
circular, elliptical, arch, pipe arch, semicircular, low profile arch, high profile arch, 
and Con Span culverts. The culvert dimension data was calculated from field survey 
data such as, shape, span, rise, width and culvert length. These information was 
added into the Culvert Data Editor as shown in Figure 3.33. 
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(a) 
 
(b) 
 
(c) 
Figure 3.33: Culvert Data Editor 
The entrance loss coefficient was added in Table 3.9. It represents the amount 
of energy loss that occurs as flow transitions from the upstream cross section to 
inside the culvert barrel. This is used in the outlet control computation. The 
Manning’s n values for culvert types were shown in Table 3.10. 
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Table 3.9: Entrance Loss Coefficient for Reinforced Concrete Box Culverts 
Type of Structure and Design of Entrance Coefficient, ken 
Headwall Parallel to Embankment (no wingwalls): 
Square –edged on three edges 
Three edges rounded to radius of 1/12 barrel dimension 
 
0.5 
0.2 
Wigwalls at 30 to 75 degrees to Barrel 
Square –edged at crown 
Top corner rounded to radius of 1/12 barrel dimension 
 
0.4 
0.2 
Wigwalls at 10 to 25 degrees to Barrel : 
Square –edged at crown 
 
0.5 
Wingwalls parallel (extension of sides): 
Square –edged at crown 
 
0.7 
Sider or slope tapered inlet 0.2 
 
Table 3.10: Manning’s "n" for Closed Conduits Flowing Partly Full (Chow 1959) 
Type of Channel and Description Minimum Normal Maximum 
Brass, smooth: 
Steel: Lockbar and welded 
            Riveted and spiral 
0.009 
0.010 
0.013 
0.010 
0.012 
0.016 
0.013 
0.014 
0.017 
Cast  Iron: Coated 
          Uncoated 
0.010 
0.011 
0.013 
0.014 
0.014 
0.016 
Wrought Iron: Black 
                           Galvanized 
0.012 
0.013 
0.014 
0.016 
0.015 
0.017 
Corrugated Metal: Sub drain 
                                  Storm Drain  
0.017 
0.021 
0.019 
0.024 
0.021 
0.030 
Glass: 
Cement: Neat, surface 
                 Mortar 
0.008 
0.009 
0.010 
0.011 
0.009 
0.010 
0.011 
0.013 
0.010 
0.013 
0.013 
0.015 
Concrete: Culvert, straight and free of debris 
                   Culvert with bends, connections, and some debris 
                   Finished 
                   Sewer with manholes, inlet, etc., straight 
                  Unfinished, steel form 
                  Unfinished, smooth wood form 
                  Unfinished, rough wood form 
0.010 
0.011 
0.011 
0.013 
0.012 
0.012 
0.015 
0.011 
0.013 
0.012 
0.015 
0.013 
0.014 
0.017 
0.013 
0.014 
0.014 
0.017 
0.014 
0.016 
0.020 
Wood: Stave 
              Laminated, treated 
0.010 
0.015 
0.012 
0.017 
0.014 
0.020 
Clay: Common drainage tile 
          Vitrified sewer 
          Vitrified sewer with manholes, inlet, etc. 
          Vitrified Sub drain with open joint 
0.011 
0.011 
0.013 
0.014 
0.013 
0.014 
0.015 
0.016 
0.017 
0.017 
0.017 
0.018 
Brickwork: Glazed 
                    Lined with cement mortar 
                    Sanitary sewers coated with sewage slime with bends                                    
and connections 
                    Paved invert, sewer, smooth bottom 
                    Rubble masonry, cemented 
0.011 
0.012 
0.012 
 
0.016 
0.018 
0.013 
0.015 
0.013 
 
0.019 
0.025 
0.015 
0.017 
0.016 
 
0.020 
0.030 
After all of the culvert information was entered, graphics of the culverts were 
identified on the Bridge/Culvert Data editor window as shown in Figure 3.34. 
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Figure 3.34: Bridge Culvert Data Editor 
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(3) Flow Data and Boundary Conditions 
“Flows are typically defined at the most upstream location of each 
river/tributary, and at junctions” (Leon 2013). Each flow needs to be simulated, and 
this is called a profile in HEC-RAS. The HEC-RAS model had the ability to simulate 
two types of flow: steady flow and unsteady flow (USACE 2010). Steady flow data 
were used to simulate the flash flood in the catchment area from 12:00 pm to 4:00 
pm. Stream profiles, flow change locations, and flow rates are the main input data 
for the steady flow calculation. After the flow rate was calculated in hydrologic 
model HEC-HMS,the flow rate was taken manually as a boundary condition in the 
RAS model to simulate the flash flood in catchment area. Under steady flow 
boundary conditions the downstream slope for normal depth computation is 0.001. 
The flow regime in steady flow analysis was mixed between sub-critical and super-
critical to compute the water surface profiles in the channel. This simulated flash 
flooding in Toowoomba on January 2011. The HEC-RAS results were exported into 
ArcGIS by creating Server Compact Edition Database Files (SDF) in the working 
directory folder (USACE 2010). Flood inundation maps at different time periods 
were generated in ArcGIS. 
(4) Flood Extent/Depth Generation 
The SDF file in ArcMap, was converted into an XML file by using Import 
RAS SDF file. The first step in RAS mapping is layer setup for HEC-RAS post-
processing. This included type of analysis, file name, RAS GIS export file name, 
terrain type, and output directory (USACE 2010). The RAS data was imported into 
RAS mapping in GeoRAS to create a boundary polygon which shows the analysis 
extent for the inundation mapping by connecting the endpoints of cross-section cut 
lines. It was done by using the Water Surface Profile (WSP) in RAS mapping 
(USACE 2010). This creates a surface with an elevation for the selected profile. In 
the form of a raster that defines the area which connects the outer points of the 
bounding polygon. The raster surface includes areas outside the inundation area. 
These results were used to generate the extent and depth maps that show the flood 
events on 10th of January 2011. 
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Different parameters were used for the hydrologic and hydraulic models. The 
Curve Number (CN) and mean imperviousness are two major parameters used for 
obtaining the peak discharge at each sub-basin in the hydrologic model. Most of the 
land cover in the catchment area is residential. There are three types of residential 
areas low density, medium density and high density. The low density residential area 
is defined as the area with a density less than 35 dwelling (dw) per hectare (ha). The 
medium density residential area is defined as the area with a density between 35 
dw/ha - 70 dw/ha. Finally, the high density residential area is defined as the area 
with a density of more than 70 dw/ha (apartment buildings, multiple family houses 
and trailer camping) (Sivam et al. 2012). 
Three assumptions were made for identifying the CN and imperviousness 
based on these definitions. In the first assumption, most of the sub-basins area were 
low density, In the second assumption, most of the sub-basins area were medium 
density, and finally, some of the sub-basins area were high density. 
In the first simulation, the residential density in most sub-basins was assumed 
to be low density (CN=66) and the percentage of imperviousness was 15 % (Table 
3.7). In the second simulation, the residential density in most sub-basins was 
assumed to be medium density (CN=72) and the percentage of imperviousness was 
30 %. In the final simulation, the residential density in some sub-basins was assumed 
to be high density (CN=85) and the percentage of imperviousness was 65 %. 
 
The accuracy and realism of the HEC-RAS model output are important when 
reviewing the final maps. In most of the modelling procedures, the results of the 
hydraulic model have been validated to the best possible extent. This was done by 
comparing the flood inundation map with the pre-existing flood hazard maps to 
identify differences in extent and depth. 
Nearmap aerial photo and the Insurance Council of Australia Report were used 
to validate the modelled flood extent map (Figure 3.35). The result determines if the 
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HEC-RAS model is able to produce flood inundation maps that accurately describe 
the flood conditions. 
 
Figure 3.35: Nearmap aerial Photo 
 
 
The process of validation is divided into five sections. Each section 20 stations 
were selected. The results were compared with the Nearmap aerial photo 
Figure 3.36. 
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25 m - 500 m                                                         525 m - 1000 m 
 
1025 m - 1500 m                                                    1525 m - 2000 m 
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2025 m - 2625 m 
Figure 3.36: Validation Process in ArcGIS Interface 
 
 
This chapter described the methods used to achieve the aims of this research. 
Sources of data were described. A DEM was generated from the LiDAR data using 
ArcGIS software. The different techniques such as observation and survey were used 
to get supporting information. HEC-GeoHMS was used to develop the hydrological 
modelling inputs for HEC-HMS. A rainfall - runoff model (HEC-HMS) was used to 
simulate the runoff response of the catchment. HEC-RAS and HEC-GeoRAS models 
were used to calculate the flood extent and depth maps for West Creek Catchment at 
different time periods. The volume of flooding in the flood hot spots of West Creek 
Catchment were validated  with the pre-existing flood hazard maps to identify 
differences in extent and depth between the new and pre-existing flood map.
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RESULTS 
 
The previous chapter described the methods used to simulate the flood event in 
West Creek catchment that occurred in 2011. This chapter presents the hydrologic 
and hydraulic modelling results for a section of the flood inundation zone from 
approximately Spring Street to Long Street. The hydraulic model results were 
validated using pre-existing results from other studies. The extent of the flood hazard 
zone depends on the output from the hydraulic modelling. These results can 
potentially provide a basis for analysing solutions to this flooding. 
 
4.2.1 West Creek Basin Delineation 
The hydrological processes in the catchment were simulated in the HEC-
GeoHMS software. The stream and sub-basin characteristics were used to estimate 
the hydrologic parameters. First the basin and mainstream slopes were calculated. 
Based on the basin slope, the basin centroid and centroidal longest flow paths were 
then calculated. The flow direction data was combined with the longest flow path 
and sub-basin feature classes to create break-points and segments that were used in 
the HMS sub-basin model. This aided in creating a peak discharge map for each sub-
basin in the catchment. 
The flow path segments, the sub-basin, and the stream features were combined 
to create the HMS model schematic for the watershed. This model illustrated a 
combination of basin connector, stream reach, and centroids for each sub-basin in the 
catchment. 
The HMS basin schematic was used for planning and building the hydrologic 
network. The HMS basin schematic created in HEC-GeoHMS was exported into a 
HEC-HMS project file (Figure 4.1). The runoff estimated from this model were used 
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in the hydraulic analysis in the RAS model to generate flood inundation maps from 
which the depth and lateral extent of flooding were measured. 
The schematic representation of the basin consists of many sub-basins, 
junctions, reaches and the main outlet. Three methods were used to do the 
hydrologic analysis, i) SCS curve number method, ii) SCS unit hydrography method, 
and iii) the Muskingum method. The hydrological data, such as amount of rainfall, 
gauge station heights, soil type, SCS curve number, imperviousness of the land 
surface and the lag time were used to simulate rainfall runoff. 
The rain occurred from approximately 12:00 pm to 4:00 pm on 10th of January 
2011. The peak discharge was calculated for each sub-basin in the Catchment area. 
These data were important for use in the next section in the hydraulic analysis. 
Simulating storm rainfall produced a hydrological result for each sub-basin, reach 
and junction. The results for sub-basins W1210 and W1220 which meet at junction 
J192 are presented as an example in this section. 
The output from HEC-HMS simulations consist of two classes: summary and 
individual outputs. Summary outputs include peak discharges from each sub-basin 
and stream reach for each time period. Individual outputs provide information of the 
amount of rainfall in the sub-basin (hydrographs). 
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Figure 4.1: Model Representation of Watershed in HEC-HMS (HMS Basin Schematic) 
 
 
 
4.2.2 Precipitation and Flow Rates for Sub-basins W1210 and 
W1220 
Precipitation and discharge flow graphs for W1210 and W1220 are shown in 
Figure 4.2, which demonstrated the relationship between the precipitation depth and 
time between flow and time. 
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(a) 
 
(b) 
Figure 4.2: Precipitation and Flow for Sub-basins W1210 and W1220 
The summary results for W1210 and W1220 (Table 4.1) show that for 
precipitation of 92.61 mm, 56.44 mm infiltrated the ground resulting in an excess 
Chapter 4   Results  
94 
flow of 36.17 mm which flowed overland to the stream. The direct runoff volume 
was 29.25 mm, and discharge volume was 29.25 mm for both sub-basins, W1210 
and W1220. 
Table 4.1: Precipitation, Flow and Discharge for Sub-basins W1210 and W1220 
W
1
2
1
0
 
Precipitation Volume: 92.61 (mm) Date/Time of Peak Discharge: 10 Jan 
2011, 15:00 
Loss Volume: 56.44 (mm) Direct Runoff Volume: 29.25 (mm) 
Excess Volume: 36.17 (mm) Base flow Volume: 0.00 (mm) 
Peak Discharge: 1.9 m3/sec Discharge Volume: 29.25 (mm) 
W
1
2
2
0
 
Precipitation Volume: 92.61 (mm) Date/Time of Peak Discharge: 10 Jan 
2011, 15:00 
Loss Volume: 56.44 (mm)  Direct Runoff Volume: 29.25 (mm) 
Excess Volume: 36.17 (mm)  Base flow Volume: 0.00 (mm) 
Peak Discharge: 2.5 m3/sec Discharge Volume: 29.25 (mm) 
The rainfall input data and discharge data were prepared in the Time Series 
Data Manager in the HEC-HMS model. This created the time series results for 
W1210 and W1220 (Table 4.2 and Table 4.3 and Figure 4.3 and Figure 4.4). 
Table 4.2: Precipitation and Flow in Sub-basin W1210 from 12:00 pm to 4:00 pm 
Date 
Time 
(hr: min) 
Precipitation rate 
(preceding 15 min) (mm) 
Loss (mm) Excess (mm) 
Total Flow  
(m3/sec) 
10 Jan 2011 12:00  0  0  0 0 
10 Jan 2011 12:15 0.83 0.58 0.25 0 
10 Jan 2011 12:30 1.11 0.78 0.33 0 
10 Jan 2011 12:45 0.84 0.59 0.25 0 
10 Jan 2011 13:00 1.39 0.97 0.42 0 
10 Jan 2011 13:15 3.61 2.53 1.08 0.1 
10 Jan 2011 13:30 8.89 6.22 2.67 0.1 
10 Jan 2011 13:45 13.33 9.33 4 0.2 
10 Jan 2011 14:00 26.67 17.55 9.12 0.4 
10 Jan 2011 14:15 18.33 9.83 8.5 0.8 
10 Jan 2011 14:30 13.89 6.46 7.43 1.3 
10 Jan 2011 14:45 0.28 0.12 0.16 1.7 
10 Jan 2011 15:00 1.39 0.60 0.79 1.9 
10 Jan 2011 15:15 0.38 0.16 0.22 1.8 
10 Jan 2011 15:30 1.11 0.48 0.63 1.6 
10 Jan 2011 15:45 0.56 0.24 0.32 1.2 
10 Jan 2011 16:00 0 0 0 0.9 
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Figure 4.3: Precipitation and Flow for Sub-basin W1210 
 
 
Table 4.3: Precipitation and Flow in Sub-basin W1220 from 12:00 pm to 4:00 pm 
Date 
Time 
(hr: min) 
Precipitation 
(preceding 15 min) (mm) 
Loss (mm) Excess (mm) 
Total Flow  
(m3/sec) 
10 Jan 2011 12:00 0   0 0  0 
10 Jan 2011 12:15 0.83 0.58 0.25 0 
10 Jan 2011 12:30 1.11 0.78 0.33 0 
10 Jan 2011 12:45 0.84 0.59 0.25 0 
10 Jan 2011 13:00 1.39 0.97 0.42 0.1 
10 Jan 2011 13:15 3.61 2.53 1.08 0.1 
10 Jan 2011 13:30 8.89 6.22 2.67 0.2 
10 Jan 2011 13:45 13.33 9.33 4 0.3 
10 Jan 2011 14:00 26.67 17.55 9.12 0.6 
10 Jan 2011 14:15 18.33 9.83 8.5 1.1 
10 Jan 2011 14:30 13.89 6.46 7.43 1.7 
10 Jan 2011 14:45 0.28 0.12 0.16 2.3 
10 Jan 2011 15:00 1.39 0.6 0.79 2.5 
10 Jan 2011 15:15 0.38 0.16 0.22 2.4 
10 Jan 2011 15:30 1.11 0.48 0.63 2.1 
10 Jan 2011 15:45 0.56 0.24 0.32 1.6 
10 Jan 2011  16:00 0 0 0 1.2 
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Figure 4.4: Precipitation and Flow for Sub-basin W1220 
These figures illustrate the amount of precipitation loss to the ground, excess 
for overland flow and total flow volume in each sub-basin for the period from 12:15 
pm to 4:00 pm. The maximum rate of precipitation in a 15 minute period was 26.67 
mm, loss to the ground was 17.55 mm, and excess for overland flow was 9.12 mm at 
2:00 pm in both sub-basins. The maximum total flow at 3:00 pm in W1210 was 1.9 
m3/sec, while it was 2.5 m3/sec in W1220. 
The relationship between the time of precipitation, loss, excess and total flow 
for W1210 and W1220 is shown in Figure 4.5 (a) through (d). 
 
(a) 
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(c) 
 
(d) 
Figure 4.5: Time Series of Precipitation (a), Loss (b), Excess (c) and Total flow (d)  
for Sub-basins W1210 and W1220 
4.2.2.1 Peak Discharge for Sub-basins W1210 and W1220 
The characteristics of W1210 and W1220 are given in Table 4.4. These show 
that rainfall of 29.25 mm/15 min in the preceding 15 min interval generated a peak 
discharge of 1.9 m3/sec and 2.5 m3/sec. 
Table 4.4: Summary Results for Simulating the Rainfall event in West Creek Catchment 
Hydro-
logic 
element 
Drainage 
area  
(ha) 
Land Cover 
Curve 
Number 
Perviousn
ess 
Rainfall rate 
(preceding 15 
min) (mm) 
Time of 
peak  
10 Jan  
2011 
Catchment 
Peak 
discharge 
(m3/sec) 
Peak 
discharge per 
unit area 
(m3/sec/100 
ha) 
W1210 35.845 72, 92 30, 85 29.25 15:00 1.9 5.3 
W1220 47.809  66, 92 15, 85 29.25 15:00 2.5 5.2 
 
4.2.2.2 Precipitation and Flow Rate for Junction J192 
The configuration of the sub-basins led the waterways to meet at junction 
J192. The summary simulation results for junction J192 are shown in Table 4.5. The 
area is draining into J192 was 83.654 ha. This junction had a peak discharge of 4.5 
m3/sec at 3:00 pm following 29.25 mm of rain in the preceding 15 minutes. 
Table 4.5: Summary Results for junction J192 
Hydrologic 
Element 
Drainage 
Area (ha) 
Peak Discharge 
(m3/sec) 
Date/Time 
of Peak 
Rainfall Volume (preceding 
15 min) (mm) 
J192 83.654 4.5 
10 Jan 2011, 
15:00 29.25 
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4.2.2.3 Inflow and Outflow Volumes for Junction J192 
Inflow and outflow volumes for junction J192 from 12:00 pm to 4:00 pm are 
shown in Table 4.6 and illustrated in Figure 4.6. 
Table 4.6: Inflow and Outflow Volumes for Junction J192 from 12:00 pm to 4:00 pm 
Date 
Time 
(hr: min) 
Inflow from 
W1210 (m3/sec) 
Inflow from 
W1220 (m3/sec) 
Outflow 
(m3/sec) 
10-Jan-11 12:00 0.0 0.0 0.0 
10-Jan-11 12:15 0.0 0.0 0.0 
10-Jan-11 12:30 0.0 0.0 0.0 
10-Jan-11 12:45 0.0 0.0 0.1 
10-Jan-11 13:00 0.0 0.1 0.1 
10-Jan-11 13:15 0.1 0.1 0.2 
10-Jan-11 13:30 0.1 0.2 0.3 
10-Jan-11 13:45 0.2 0.3 0.5 
10-Jan-11 14:00 0.4 0.6 1.0 
10-Jan-11 14:15 0.8 1.1 1.8 
10-Jan-11 14:30 1.3 1.7 2.9 
10-Jan-11 14:45 1.7 2.3 3.9 
10-Jan-11 15:00 1.9 2.5 4.5 
10-Jan-11 15:15 1.8 2.4 4.3 
10-Jan-11 15:30 1.6 2.1 3.6 
10-Jan-11 15:45 1.2 1.6 2.8 
10-Jan-11 16:00 0.9 1.2 2.1 
 
 
Figure 4.6: Inflow and Outflow Volumes for Junction J192 
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The maximum inflow values for W1210 and W1220 were 1.9 m3/sec, and 2.5 
m3/sec at 3:00 pm. The maximum outflow value was 4.5 m3/sec at 3:00 pm. 
The relationship between the inflow and combined outflow in Reach R540 
over time is shown in Figure 4.7. 
 
Figure 4.7: Inflow and Outflow in Reach R540 in West Creek 
4.2.3 Peak Discharge of West Creek Catchment 
A simulation run to compute the flow in West Creek catchment was created 
using the HMS model. Data showing the peak flow rate, the time of the peak and the 
volume have been extracted from the results. Appendix A displays the simulation 
results as observed at six gauging stations (Prescott, USQ physics, Alderley, 
Gabbinbar, Eastern Valley and Middle Ridge) from 12:00 pm to 4:00 pm. Appendix 
A also contains all the hydrologic information for West Creek Catchment. This 
includes the hydrologic element, drainage area, peak discharge and volume for each 
basin, junction and reach. The hydrologic element starting with “W” represents a 
sub-basin, “J” indicates a junction and “R” indicates a reach as used in the HMS 
model. 
There is a wide difference in rainfall rate and peak discharge volumes between 
the different sub-basins and reaches. This is due to difference in terrain, topography, 
and land cover characteristics in each sub-basin. The peak discharge data was used 
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for calculating the steady flow analysis to simulate the flood event on the 10th 
January 2011. Time series discharge data on the 10th January 2011 is shown in 
Table 4.7 and illustrated in Figure 4.8. 
Table 4.7: Peak discharge value from 12:00 pm to 4:00 pm 
Time ( hr: min) Peak discharge  
( m3/sec) 
Time ( hr: min) Peak discharge  
( m3/sec) 
12:00 2.78 14:15 150.12 
12:15 5.56 14:30 136.14 
12:30 8.33 14:45 144.45 
12:45 11.12 15:00 173.50 
13:00 30.56 15:15 166.67 
13:15 47.23 15:30 122.23 
13:30 86.12 15:45 77.78 
13:45 133.34 16:00 63.89 
14:00 141.67   
 
 
Figure 4.8: Peak Discharge of West Creek Catchment from 12:00 pm to 4:00 pm 
The peak discharge at all stations between Spring Street and Long Street is 
shown in Table 4.8 and illustrated in Figure 4.9. The stations were numbered from 
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upstream to downstream. This data was used for the analysis and simulated to 
visualize the flood in West Creek in three dimensions at different times. 
Table 4.8: Peak Discharge at 3:00 pm for all Stations between Spring street and Long Street 
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1 0 32.24 22 525 63.60 43 1050 73.30 64 1575 90.70 85 2100 94.20 
2 25 33.98 23 550 64.86 44 1075 73.51 65 1600 90.99 86 2125 94.50 
3 50 35.72 24 575 66.12 45 1100 73.72 66 1625 91.30 87 2150 94.74 
4 75 37.46 25 600 67.38 46 1125 73.93 67 1650 91.60 88 2175 95.00 
5 100 39.20 26 625 68.64 47 1150 74.14 68 1675 91.83 89 2200 95.30 
6 125 40.94 27 650 69.90 48 1175 74.35 69 1700 92.10 90 2225 95.54 
7 150 42.68 28 675 70.11 49 1200 74.56 70 1725 92.36 91 2250 95.80 
8 175 44.42 29 700 70.32 50 1225 74.77 71 1750 92.60 92 2275 96.50 
9 200 46.16 30 725 70.54 51 1250 74.99 72 1775 92.89 93 2300 97.10 
10 225 47.90 31 750 70.75 52 1275 75.20 73 1800 93.20 94 2325 97.73 
11 250 49.13 32 775 70.96 53 1300 77.20 74 1825 93.42 95 2350 98.40 
12 275 50.36 33 800 71.20 54 1325 79.20 75 1850 93.68 96 2375 99.00 
13 300 51.60 34 825 71.40 55 1350 83.50 76 1875 93.95 97 2400 99.66 
14 325 52.82 35 850 71.60 56 1375 84.10 77 1900 94.20 98 2425 100.30 
15 350 54.10 36 875 71.81 57 1400 84.59 78 1925 94.50 99 2450 100.90 
16 375 55.30 37 900 72.02 58 1425 85.13 79 1950 94.74 100 2475 101.60 
17 400 56.50 38 925 72.23 59 1450 85.67 80 1975 95.00 101 2500 102.23 
18 425 57.92 39 950 72.44 60 1475 86.22 81 2000 95.30 102 2525 102.90 
19 450 59.34 40 975 72.66 61 1500 86.76 82 2025 95.54 103 2550 103.50 
20 475 60.76 41 1000 72.87 62 1525 87.30 83 2050 95.80 104 2575 104.20 
21 500 62.18 42 1025 73.08 63 1550 87.61 84 2075 96.50 105 2600 104.80 
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Figure 4.9: Relationship between Peak Discharge and Distance Hydraulic Model Results 
This section presents the modelling results in the form of profile plots and 3-
Dimensional (3-D) views. Processing and editing of the flood event model of West 
Creek Catchment resulted in the creation of flood extent and water depth maps for 
different time periods. 
The extent of the flood water depends on the resolution and reliability of the 
digital elevation model. The model helps in analysing the performance of the 
channel to simulate the flood with a high similarity to the actual flood. This 
information can be used to develop emergency planning strategies such as 
evacuation planning for areas that are more prone to flooding. 
 
4.3.1 Cross-Section Cut lines 
The geometric data was exported to the HEC-RAS model for hydraulic 
analysis. They were modified and edited to remove any errors and to produce clear 
data for analysis of the flash flooding in the catchment. The Manning’s n values 
were entered for the left overbank (LOB), channel, and right overbank (ROB). The 
cross-section data at each 25 m interval was created. Appendix B illustrates the cross 
section data that were used to simulate the flood event. Cross-sections are defined by 
ground elevation, distance of station, the central channel and right and left bank of 
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the channel. Figure 4.10 shows an example of the channel cross-section at Station 2 
and Station 29. 
 
 
25 m 
 
700 m 
Figure 4.10: Cross-Section at Station 2 (25 m) and Station 29 (700 m) 
 
4.3.2 Simulation of Flash Flooding in the West Creek Channel 
The hydrological model results such as flow rate and time of peak were added 
to the HEC-RAS model. A steady flow condition was chosen to compute the 
simulated flood event. Three main input data were used (stream profiles, flow 
change locations, and flow rates). These data were added manually at each station of 
West Creek channel. Steady-flow simulations were performed from 1:00 pm to 3:00 
pm based on the rainfall hydrographs shown in Figure 4.8 and Table 4.8. In addition, 
both summary and individual outputs from HEC-HMS were used for steady flow 
analysis in the catchment. 
Several steps were taken before the development of flood modelling and 
simulation. Appendix C shows the water levels at each cross section in West Creek. 
This provided details of the water height at the center of the channel and at left and 
right banks of the channel. Figure 4.11 shows an example of the cross-section at 
Station 2, and Station 29. 
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 25 m 
 
 
 700 m 
Figure 4.11: Cross-Section with Level of Water at Station 2 and Station 29 
Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15, and Figure 4.16 provide a 
visualization of the flood in three dimensions at different periods from 1:00 pm to 
3:00 pm. These figures show the water level, ground elevation, stream centreline, 
right and left bank position and the flow path (shaded area) at each cross section. 
Culverts, ineffective flow areas and levee alignments are also shown in those figures. 
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Figure 4.12: Flood Simulation in West Creek at 1:00 pm 
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Figure 4.13: Flood Simulation in West Creek at 1:30 pm 
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Figure 4.14: Flood Simulation in West Creek at 2:00 pm 
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Figure 4.15: Flood Simulation in West Creek at 2:30 pm 
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Figure 4.16: Flood Simulation in West Creek at 3:00 pm
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4.3.3 Flood Extent Maps 
The HEC-RAS model calculated the height of the water surface, which was 
stored as an attribute of each cross-section. The water surface elevation data were 
exported from HEC-RAS to HEC-GeoRAS. Several data have been selected in the 
RAS mapping such as analysis type, terrain type and raster cell size for layer setup. 
In the inundation mapping tool, water surface generation was chosen to create the 
polygons that illustrate the extent of flooding in the maps. This resulted in a series of 
flood extent maps.  Figure 4.17, Figure 4.18 and Figure 4.19 show the flood extent in 
the study area from 1:00 pm to 3:00 pm. 
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Figure 4.17: Flood Extent in West Creek Catchment from 1:00 pm to 1:30 pm 
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Figure 4.18: Flood Extent in West Creek Catchment from 2:00 pm to 2:30 pm 
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Figure 4.19: Flood Extent in West Creek Catchment at 3:00 pm 
The maximum flood width and amount of area covered by flood water from 
1:00 pm to 3:00 pm are shown in Table 4.9 and illustrated in Figure 4.20. 
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Table 4.9: Maximum flood width and Flooded area from 1:00 pm to 3:00 pm 
Time  
(hr: min) 
Flooded area  
(ha) 
Maximum flood 
width (m) 
Peak Discharge  
(m3/sec) 
1:00 11.82 146.43 30.56 
1:30 17.33 158.89 86.12 
2:00 19.68 164.10 141.67 
2:30 23.89 177.50 136.14 
3:00 28.85 187.20 173.50 
 
 
Figure 4.20: Maximum Flood Width and Flooded Area from 1:00 pm to 3:00 pm 
The relationship between the peak discharge and flooded area from 1:00 pm to 
3:00 pm is shown in Figure 4.21. 
 
Figure 4.21: Discharge versus Flood Area Relationship 
 
Table 4.10 shows the flood extent every 25 m interval along West Creek at 
half hourly intervals from 1:00 pm to 3:00 pm. 
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Table 4.10: Flood Extent in Different Period of time (1:00 pm - 3:00 pm) 
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m
) 
Flood Time, (hr: min) 
S
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n
 
D
is
ta
n
c
e
 (
m
) 
Flood Time, (hr: min) 
1:00 
pm 
1:30 
pm 
2:00 
pm 
2:30 
pm 
3:00 pm 1:00 
pm 
1:30 
pm 
2:00 pm 2:30 
pm 
3:00 
pm 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
1 0 
105.72 112.02 118.92 124.37 126.00 
54 1325 
82.24 101.50 105.22 107.95 110.80 
2 25 
90.12 113.17 114.49 124.52 128.00 
55 1350 
77.85 95.30 98.50 100.871 102.30 
3 50 
49.64 88.50 104.48 120.47 130.80 
56 1375 
21.45 43.34 62.30 91.50 95.50 
4 75 
71.26 89.84 93.25 108.04 132.25 
57 1400 
20.46 39.16 47.32 79.25 94.30 
5 100 
82.67 92.30 96.74 107.40 132.40 
58 1425 
23.35 39.913 47.995 77.11 92.40 
6 125 
65.30 82.03 90.92 102.20 135.80 
59 1450 
22.93 42.663 47.60 74.97 91.20 
7 150 
63.54 74.26 78.60 96.66 139.03 
60 1475 
21.45 38.81 44.82 85.90 88.80 
8 175 
68.14 88.03 91.85 99.78 137.30 
61 1500 
22.10 36.90 40.20 75.61 82.60 
9 200 
70.71 90.73 94.41 107.31 135.81 
62 1525 
23.10 36.20 39.41 75.74 76.70 
10 225 
22.57 37.60 49.90 110.77 131.20 
63 1550 
20.75 29.20 33.61 71.30 73.50 
11 250 
47.25 52.99 56.63 93.94 129.00 
64 1575 
17.75 23.99 29.50 67.60 71.00 
12 275 
32.99 55.60 69.73 98.32 127.10 
65 1600 
20.10 24.98 27.54 45.30 65.70 
13 300 
31.40 57.10 67.31 93.75 127.90 
66 1625 
19.72 27.30 31.60 62.85 66.00 
14 325 
45.36 70.34 81.35 90.25 123.50 
67 1650 
20.50 29.10 35.98 63.84 68.70 
15 350 
44.97 68.63 77.31 91.25 119.50 
68 1675 
24.97 38.33 42.97 67.80 73.00 
16 375 
43.30 72.13 80.10 91.70 119.50 
69 1700 
19.50 35.36 56.75 73.20 76.50 
17 400 
36.46 74.53 77.22 88.90 118.00 
70 1725 
31.44 50.70 67.55 76.99 83.00 
18 425 
28.42 59.77 70.15 75.76 94.32 
71 1750 
16.20 23.10 70.74 81.32 89.60 
19 450 
52.73 62.85 75.31 80.82 98.20 
72 1775 
19.50 31.20 42.23 84.85 93.20 
20 475 
18.74 52.60 67.33 78.01 101.40 
73 1800 
32.33 76.62 79.80 91.30 98.00 
21 500 
36.50 43.80 63.30 73.40 100.45 
74 1825 
23.90 79.50 83.78 93.54 98.30 
22 525 
35.57 45.73 61.22 73.64 100.61 
75 1850 
19.32 59.11 74.35 90.29 98.90 
23 550 
27.34 49.20 63.36 70.34 96.25 
76 1875 
17.76 37.27 57.94 77.87 98.00 
24 575 
33.32 72.84 76.24 89.20 91.60 
77 1900 
17.70 24.22 43.23 80.23 94.80 
25 600 
43.62 69.76 78.15 79.93 82.65 
78 1925 
11.76 20.26 59.89 70.12 89.40 
26 625 
56.21 69.22 80.50 81.99 84.55 
79 1950 
18.90 32.23 60.64 85.20 88.20 
27 650 
57.01 74.41 90.15 93.95 95.70 
80 1975 
15.37 23.21 47.40 67.33 82.70 
28 675 
21.23 78.80 88.71 93.56 98.93 
81 2000 
18.25 38.30 40.65 66.85 74.00 
29 700 
40.30 66.45 78.64 97.62 104.80 
82 2025 
22.10 37.10 38.63 48.42 57.00 
30 725 
47.42 73.10 83.85 107.83 110.99 
83 2050 
25.90 38.41 44.28 48.20 50.30 
31 750 
45.21 81.70 94.40 114.51 118.70 
84 2075 
16.90 34.20 40.90 47.41 51.00 
32 775 
42.74 86.97 98.40 115.80 122.00 
85 2100 
16.2 30.82 35.50 45.71 51.30 
33 800 
38.05 75.92 88.03 114.14 121.30 
86 2125 
19.45 28.77 35.40 46.12 51.40 
34 825 
48.63 87.12 97.87 114.86 118.00 
87 2150 
23.23 31.15 42.25 46.27 54.00 
35 850 
56.10 90.51 104.57 119.26 122.32 
88 2175 
23.40 31.54 38.52 48.76 58.20 
36 875 
54.36 89.20 104.50 120.21 123.00 
89 2200 
19.33 30.95 34.88 53.24 59.00 
37 900 
50.46 93.42 103.61 113.20 114.95 
90 2225 
17.65 36.96 48.90 55.16 57.50 
38 925 
69.66 87.67 91.70 100.97 101.50 
91 2250 
20.34 41.44 56.75 57.96 61.00 
39 950 
66.60 82.86 84.30 90.44 92.30 
92 2275 
20.02 51.32 57.84 60.14 63.70 
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1:00 
pm 
1:30 
pm 
2:00 
pm 
2:30 
pm 
3:00 pm 1:00 
pm 
1:30 
pm 
2:00 pm 2:30 
pm 
3:00 
pm 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
Extent 
(m) 
40 975 
56.50 85.29 87.46 90.22 92.30 
93 2300 
20.80 60.66 64.92 64.52 66.30 
41 1000 
63.11 88.85 91.80 92.18 95.00 
94 2325 
19.60 50.10 63.45 65.75 68.00 
42 1025 
62.75 86.63 89.71 90.94 91.80 
95 2350 
17.32 55.50 62.36 66.80 69.00 
43 1050 
55.97 84.20 89.51 90.93 92.00 
96 2375 
13.55 20.52 23.98 60.33 76.00 
44 1075 
40.86 83.30 86.91 88.84 90.85 
97 2400 
15.95 50.61 63.13 83.52 113.70 
45 1100 
77.55 85.83 90.90 93.12 93.90 
98 2425 
76.64 90.55 95.36 108.77 127.00 
46 1125 
67.20 85.93 94.30 96.17 100.00 
99 2450 
80.20 88.55 95.46 116.60 129.80 
47 1150 
70.30 100.90 107.89 111.04 115.20 
100 2475 
79.70 90.10 96.45 118.32 131.00 
48 1175 
143.60 154.91 158.90 169.40 178.00 
101 2500 
84.66 94.60 99.45 117.35 130.20 
49 1200 
146.43 158.89 164.10 177.50 186.70 
102 2525 
88.84 99.81 103.12 115.26 131.60 
50 1225 
131.21 141.61 146.48 169.10 177.20 
103 2550 
89.20 99.87 104.22 115.20 130.00 
51 1250 
56.14 72.60 102.68 135.50 140.40 
104 2575 
82.30 92.41 99.20 120.71 132.00 
52 1275 
50.22 65.25 75.71 123.40 127.30 
105 2600 
66.85 83.56 92.24 120.10 134.30 
53 1300 
83.10 110.20 114.32 116.93 119.00 
106 2625 
40.63 58.70 71.44 126.13 135.43 
The maximum flood extent during this period was at Station 49, while the 
minimum flood extent was at stations 78, 96, 85, and 83 at 1 pm, 1:30 pm, 2 pm, 
2:30 pm, and 3 pm respectively.The minimum and maximum flood extents for all 
positions in West Creek are shown in Figure 4.22  
 
Figure 4.22: Flood Extent at 2625 m, West Creek, Toowoomba on Monday 10 January 2011 
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4.3.4 Flood Depth Maps 
The flood depth in West Creek from 1:00 pm to 3:00 pm is shown in 
Figure 4.23, Figure 4.24 and Figure 4.25 respectively. The red areas depict the 
highest flood depth and the blue areas show the lowest flood depth. 
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Figure 4.23: Flood Depth from 1:00 pm to 1:30 pm 
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Figure 4.24: Flood Depth from 2:00 pm to 2:30 pm 
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Figure 4.25: Flood Depth at 3:00 pm 
The relationship between the flood depth and time is shown in Figure 4.26. 
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Time, 
(hr: min) 
High Flood 
Depth, (m) 
Low Flood 
Depth,( m) 
1:00 1.995 0.041 
1:30 2.709 0.041 
2:00 3.674 0.041 
2:30 3.991 0.041 
3:00 4.241 0.041 
Figure 4.26: Flood Depth versus Time, West Creek, Toowoomba on Monday 10 January 2011 
 
 
 
The curve number and percentage of imperviousness were derived at each 
assumption in hydrological model, depending on categories of the land cover and 
soil type. The simulations were conducted to generate the flood inundation maps. 
Three maps were produced and the flood width on the West creek channel were 
shown in Figure 4.27. 
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Figure 4.27: Flood Extent in the West Creek Channel on 10th January 2011 
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The results of the model were validated by comparing it to the flood extent 
measured from the Nearmap aerial photo (Section 3.6) as shown in Appendix D and 
plotted in Figure 4.28, Figure 4.29 and Figure 4.30. 
The modelled flood extent that produced from these assumptions were 
statistically tested against the measured (Nearmap) flood extent using a Two –
Sample t test. The ρ (two-tailed) values from these assumptions were 0.08, 0.3 and 
0.9. Since ρ is greater than 0.05 (95 % probability), it means that the values produced 
from the model are statistically accepted to the measured values. 
 
Figure 4.28: Assumption One: Comparison between the Modelled Flood Extent and the Measured Flood Extent 
from the Nearmap aerial photo from 0 m to 2625 m down the channel 
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Figure 4.29 Assumption Two: Comparison between the Modelled Flood Extent and the Measured Flood Extent from 
the Nearmap aerial photo from 0 m to 2625 m down the channel 
 
 
Figure 4.30: Assumption Three: Comparison between the Modelled Flood Extent and the Measured Flood Extent 
from the Nearmap aerial photo from 0 m to 2625 m down the channel 
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The validation between the modelled Flood Extent at peak time and Flood 
Extent in the Nearmap aerial photo for 106 stations is shown in Figure 4.31, 
Figure 4.32 and Figure 4.33. 
 
Figure 4.31: Validation between the modelled flood extent at peak time (assumption one) and flood extent 
measured from the Nearmap aerial photo from Station 1 to Station 106  
 
Figure 4.32: Validation between the modelled flood extent at peak time (assumption two) and flood extent 
measured from the Nearmap aerial photo from Station 1to Station 106 
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Figure 4.33: Validation between the modelled flood extent at peak time (assumption three) and flood extent 
measured from the Nearmap aerial photo from Station 1 to Station 106 
 
 
This chapter presented the results of hydrologic modelling for each sub-basin 
in the West Creek Catchment. This results were used as input data for steady flow 
analysis in hydraulic modelling of the West Creek channel from Spring Street to 
Long Street. Flood extent and depth maps from 1:00 pm to 3:00 pm on 10th January 
2011 were produced. The modelled flood extent maps were validated by comparing 
them with the flood extent calculated from a Nearmap aerial photo. The validation 
showed a high degree of correlation between the hydraulic model results and the 
Nearmap imagery of the flood. These are discussed in detail in the next chapter. 
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DISCUSSIONS 
 
Chapter 4 provided the results of the hydrological modelling of West Creek 
catchment and the hydraulic modelling of the flood between the Spring Street and 
Long Street reach of West Creek on 10th January 2011. The watershed characteristics 
were used to generate a hydrological model of the catchment. The hydraulic 
modelling results identified the key factors that caused the flooding in West Creek. 
The simulated results showed good agreement with Nearmap flood imagery. This 
chapter provides a discussion of the findings and validation of the results. It provides 
a basis on which to develop analyse alternative scenarios for reducing flood damage 
in West Creek in the future. 
 
The accuracy of terrain processing was enhanced by using high resolution 
LiDAR data to create a 2 m resolution DEM. The DEM was used to calculate 
accurate slope and elevation values for the catchment. Temple-Watts (2011) showed 
that high resolution DEMs produced more accurate flood model results than lower 
resolution DEMs. 
The topography in Toowoomba is very undulating with many ridges and 
valleys which divide the city into several catchments. Lower sub-basins have slopes 
of 0-2.6%. The sub-basins slopes increases to 42.7 %-57.5 % in upper areas of the 
West Creek catchment as shown in Figure 3.15 (Section 3.4.3). The elevation of the 
sub-basin centroids (central point of sub-basin polygons) was calculated first. These 
were used to generate the schematic outline of the catchment as used in HEC-HMS. 
The hydrologic model process was described in section 3.4.3 and the results 
were shown in Chapter 4. The Sub-basin delineation map (Figure 4.1) is shown as a 
skeletal flow network which connects the hydrologic elements together to define the 
stream system in the watershed. It shows that West Creek Catchment is divided into 
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60 Sub-basins, 30 reaches, 30 junctions and one outlet. The total length of the 
reaches is 7.9 km. 
The accuracy of rainfall runoff simulation in the catchment was based on three 
different methods; i) Loss method, ii) Transform method, and iii) Routing method. 
Each method used different parameters to calculate the runoff hydrographs shown in 
section 3.4.5. The amount of direct surface runoff entering the channel depended on 
the Initial Abstraction (IA) and the Lag Time (LT). These parameters increased with 
increased sub-basin area, despite the precipitation volumes being constant. 
The flow network was schematically represented by sub-basin centroids, flow 
connectors (which connect the centroids of 2 sub-basins to a junction), reaches 
(which connect two junctions) and an outlet (the discharge point for the entire 
catchment). The connection information of the flow network along with the drainage 
area at each sub-basin was used to assemble the elements in a hydrologic sequence. 
The main reason for dividing West Creek Catchment into 60 sub-basins was the 
complex physical character of the watershed as discussed in section 3.4.3. 
Watershed attributes were important in determining the hydrologic response to 
meteorological conditions. The drainage density and longest reach affect water 
transportation through a channel. Therefore, the variability of the drainage density 
and the longest reach change according to sub-basin areas. Zhang et al. (2013), found 
a similar relationship between drainage density, longest reach and sub-basin 
elevation characteristics. 
5.2.1 Sub-basin Flows and Discharges 
The individual outputs shown in Figure 4.2 show the relationship between the 
precipitation depth and flow in sub-basins W1210 and W1220 over time. These 
show that the rainfall was continuous with 27.20 mm and 27.40 mm falling in 
W1210 and W1220 during the period 1:45 pm–2:00 pm. Because most parts of 
W1210 and W1220 had an impervious surface or were already saturated with water 
(from prior rainfall), the amount of precipitation loss in W1210 and W1220 was 17.5 
mm and 17.65 mm at 2:00 pm. The outflow in both sub-basins was 1.9 m3/sec and 
2.5 m3/sec at 3:00 pm. The time difference one hour between precipitation and 
outflow is due to the lag time for the sub-basin. 
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A summary of the hydrologic simulation results for each sub-basin were given 
in Table 4.1. The total rainfall in these sub-basins from 12:15 pm to 3:00 pm was 
92.61 mm. This value was identical to the value recorded at the USQ rain gauge 
(ICA 2011). Based on the land cover and the degree of soil saturation, the loss 
volume and excess volume for both sub-basins were 56.44 mm and 36.17 mm 
respectively. The direct runoff volume and discharge volumes for both sub-basins 
were 29.25 mm. 
Based on the Insurance Council of Australia Report (ICA 2011), the rainfall 
started in the sub-basins in West Creek Catchment at 12:00 pm. As shown in 
Table 4.2 and Table 4.3, and  Figure 4.3 and Figure 4.4, the amount of precipitation, 
loss to the soil, and excess for runoff in sub-basins W1210 and W1220 at 12:15 pm 
was 0.83 mm, 0.58 mm, and 0.25 mm respectively. Because of lower rainfall, these 
values stabilised during the period 12:30 pm to 12:45 pm. The precipitation, loss, 
and excess values increased slightly at 1:00 pm to 1.39 mm, 0.97 mm, and 0.42 mm 
respectively. Heavy rain fell between 1:15 pm and 2:00 pm (Table 4.2). This led to 
an increase in the precipitation from 3.61 mm to 8.89 mm, 13.33 mm and 26.67 mm 
at 1:15 pm, 1:30 pm, 1:45 pm, and 2:00 pm respectively. The soil was not saturated 
with water at this time allowing an increase in the amount lost to the soil from 2.53 
mm to 6.22 mm, 9.33 mm and 17.55 mm at 1:15 pm, 1:30 pm, 1:45 pm, and 2:00 pm 
respectively. As a result the excess available for runoff increased from 1.08 mm to 
2.67 mm, 4 mm, and 9.12 mm during this period. Less rain fell between 2:15 pm and 
2:45 pm (18.33 mm to 0.28 mm). This led to a decrease in loss to the soil (9.83 mm 
to 0.12 mm) and a decrease in excess for runoff (8.5 mm to 0.16 mm). 
The total flow value in sub-basin W1210 (Table 4.2) was 0.1 m3/sec at 1:15 
pm. This value increased steadily to 1.9 m3/sec at 3:00 pm. The total flow decreased 
slightly to 0.9 m3/sec at 4:00 pm. The total flow value in sub-basin W1220 
(Table 4.3) was 0.1 m3/sec and started at 1:00 pm. This value increased to 2.5 m3/sec 
at 3:00 pm and decreased to 1.2 m3/sec at 4:00 pm. The difference in flow at 3:00 pm 
between the two sub-basins of 1.6 m3/sec, was due to the difference in Land Cover 
Curve Number (LCCN) and perviousness. 
The graphs in Figure 4.5 show the time series results for precipitation, loss to 
the soil and excess runoff to the catchment leading to the direct and total flow for 
Chapter 5                                                                                                               Discussion 
130 
sub-basins W1210 and W1220. The precipitation rate (per 15 min interval), loss to 
the soil and excess for runoff values in sub-basin W1210 have the same values as 
sub-basin W1220 (Figure 4.5 (a, b and c)). The precipitation values increased a small 
amount from 0.83 mm at 12:15 pm to 1.11mm, 0.84 mm and 1.34 mm at 12:30 pm, 
12:45 pm and 1:00 pm respectively. The precipitation values rose rapidly from 3.61 
mm at 1:15 pm to 8.89 mm, 13.33 mm and 26.67 mm at 1:30 pm, 1:45 pm and 2:00 
pm respectively. These values then dropped to 18.33 mm, 13.89 mm and 0.28 mm at 
2:15 pm, 2:30 pm and 2:45 pm respectively. The precipitation from 3:00 pm to 4:00 
pm fluctuated between 1.39 mm, 0.38 mm, 1.11 mm and 0.56 mm (Figure 4.5 a). 
The loss to the soil and excess for runoff values in W1210 and W1220 fluctuated 
from 12:15 pm to 1:00 pm. The loss values increased sharply from 2.53 mm to 6.22 
mm, 9.33 mm, and 17.55 mm from 1:15 pm to 2:00 pm. The loss value decreased 
suddenly from 2:15 pm to 2:45 pm ranging from 9.83 mm to 0.12 mm. The loss 
values at 3:00 pm to 4:00 pm were between 0.60 mm to 0.24 mm. 
The excess values increased steeply from 1.08 mm at 1:15 pm to 2.67 mm, 
4.00 mm and 9.12 mm at 1:30 pm, 1:45 pm and 2:00 pm respectively. The excess 
value dropped from 8.50 mm at 2:15 pm to 0.16 mm at 2:45 pm. These values 
fluctuated from 0.79 mm at 3:00 pm to 0.22 mm, 0.63 mm and 0.32 mm at 3:15 pm, 
3:30 pm and 3:45 pm (Figure 4.5 b, and c). 
Finally, the total flow in sub-basin W1210 increased gradually from 0.1 m3/sec 
at 1:15 pm to 1.9 m3/sec at 3:00 pm. These values decreased progressively from 1.8 
m3/sec at 3:15 pm to 1.6 m3/sec, 1.2 m3/sec and 0.9 m3/sec at, 3:30 pm, 3:45 pm and 
4:00 pm respectively. The total flow in sub-basin W1220 rose significantly from 0.1 
m3/sec at 1:00 pm to 2.5 m3/sec at 3:00 pm. The total flow then dropped gradually 
from 2.4 m3/sec at 3:15 pm to 2.1 m3/sec, 1.6 m3/sec and 1.2 m3/sec at 3:30 pm, 3:45 
pm and 4:00 pm (Figure 4.5 d). 
Table 4.4 summarizes the discharges for sub-basins W1210 and W1220. These 
sub-basins are located in the southern end (headwater) of West Creek catchment and 
are mostly comprised of residential and service land cover categories. Despite the 
different assumptions in LCCN and Perviousness used for the two sub-basins, each 
sub-basin produced similar peak discharges when normalised for the difference in 
area (5.3 and 5.2 m3/sec/100 ha). For these two sub-basins, the different LCCN and 
Chapter 5                                                                                                               Discussion 
131 
Perviousness did not appear to affect the discharge rate. This may have been because 
the intensity of rainfall during the critical period (1:15 pm -2:45 pm) exceeded the 
capacity of the land surface to absorb water (Loss). 
5.2.2 West Creek Basin Findings 
From the preceding results it can be seen that: 
(a) At rainfall rates of less than 5.56 mm/hr (1.39 mm/15 min interval) there was no 
accumulation of excess flow. In these two sub-basins, excess flow was only 
accumulated when the rainfall exceeded 4 mm/hr. 
(b) Excess flow occurred when the rate of rainfall exceeded the capacity of the land 
cover to absorb the rain (Loss). This occurred when the rainfall was greater than 
5.56 mm/hr (1.39 mm/15 min interval) and it occurred for 1:45 hr (1:00 pm to 
2:45 pm). 
(c) These figures can serve as a design guideline for management of the sub-basin 
land cover. If the amount and type of development in the sub-basin is allowed to 
increase the LCCN and decrease the perviousness beyond the existing values 
(Table 4.4) excess runoff will occur at rainfall of less than 5.56 mm/hr. 
(d) Alternatively, if LCCN and perviousness are changed by development in the sub-
basins, the effect of increasing excess flow a water height in West Creek for a 
given rainfall event could be compensated by changes in channel parameters. 
(e) Each sub-basin generated close to the same amount of excess flow per unit area 
(W1210 = 0.053 m3/sec/ha, W1220 = 0.052 m3/sec/ha). The higher maximum 
discharge rate of 2.5 m3/sec in W1220 (versus 1.9 m3/sec in W1210) was due to 
W1220 being 11.96 ha larger than W1210. Alternatively, if LCCN and 
perviousness are changed by development in the sub-basins, there effect of 
increasing excess flow on water height in West Creek for a given rainfall event 
could be compensated by changes in channel parameters. 
(f) Despite the difference in area between the two sub-basins, and the difference in 
peak discharge values, both catchments had the same lag time resulting in both 
Chapter 5                                                                                                               Discussion 
132 
catchment peak discharges occurring at the same time. This caused the peak 
discharges to have a cumulative effect on flood height and extent. 
5.2.3 Relationship between Inflow and Outflow at Junction 
J192 
The discharges from sub-basin W1210 and W1220 travelled down the channel 
and came together at junction J192. The area draining into the junction was 83.65 ha 
and the total peak discharge was 4.5 m3/sec which occurred at 3:00 pm (Table 4.5). 
There was no inflow of water from W1210 to J192 during the period 12:00 pm 
to 1:00 pm (Table 4.6 and Figure 4.6). The inflow from W1210 at 1:15 pm was 0.1 
m3/sec. This value increased rapidly from 0.2 m3/sec at 1:45 pm to 0.4 m3/sec, 0.8 
m3/sec, 1.3 m3/sec, 1.7 m3/sec, and 1.9 m3/sec at 2:00 pm, 2:15 pm 2:30 pm, 2:45 
pm, and 3:00 pm respectively. The inflow decreased to 0.9 m3/sec at 4:00 pm. The 
inflow from W1220 started at 0.1 m3/sec at 1:00 pm. This amount increased 
gradually from 0.2 m3/sec at 1:30 pm to 0.3 m3/sec, 0.6 m3/sec, 1.1 m3/sec, 1.7 
m3/sec, 2.3 m3/sec, and 2.5 m3/sec at 1:45 pm, 2:00 pm, 2:15 pm, 2:30 pm, 2:45 pm, 
and 3:00 pm respectively. It dropped slightly to 1.2 m3/sec at 4:00 pm. 
Based on the inflow from the W1210 and W1220 the outflow at J192 started at 
0.1 m3/sec at 12:45 pm and increased gradually to 3.9 m3/sec at 2:45 pm. The 
maximum outflow was 4.5 m3/sec at 3:00 pm and decreased to 2.1 m3/sec at 4:00 
pm. 
5.2.4 Relationship between Inflow and Combined Outflow in 
Reach 540 
There was a sudden increase in inflow in reach 540 from 0.1 m3/sec at 1:00 pm 
to 4.5 m3/sec at 3:00 pm (Figure 4.7). This because the soil was saturated from the 
previous rainfall and the heavy rainfall. These values decreased gradually from 4.3 
m3/sec at 3:15 pm to 2.1 m3/sec at 4:00 pm due to less rainfall between 2:15 pm and 
2:45 pm. There was a steady rise in combined outflow from 0.1 m3/sec at 1:30 pm to 
3.3 m3/sec at 3:45 pm. The combined outflow decreased at 4:00 pm to 3.2 m3/sec. 
The difference in peak time between the inflow and outflow is due to the travel time 
of the flood water in reach 540. The modelled data shows that the flood water peak 
took 45 minutes to travel from the input to reach 540 (near Stenner St.) to its outflow 
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(near Long St.). The difference between inflow and outflow rates of 1.2 m3/sec is 
due to flow resistance in reach 540 causing a delayed discharge. 
The main factors causing flow resistance in the channel in this reach was 
culverts. This flow resistance parameter could be changed in the model to determine 
the effect on the flow delay time and on the maximum flood elevation level in this 
reach. This information could be used to make decisions about changes to the 
channel. 
5.2.5 Peak Discharge of West Creek Catchment 
The hydrologic characteristics of West Creek Catchment are summarised in 
Appendix A. Three hydrologic elements are included in this table (Sub-basin W, 
Junction J, and Reach R). Most of the land cover in the West Creek catchment area is 
residential and commercial services. The residential areas consist of high density, 
medium density, and low density residences. This type of area had a high LCCN and 
a low perviousness which increased the surface runoff leading to higher peak 
discharges (ICA 2011). 
On Monday afternoon rain started falling slowly at 12:00 pm (Table 4.7 and 
Figure 4.8). This was sufficient to fill the underground drainage system. The 
subsequent storm rainfall (ICA 2011) exceeded the capacity of the underground 
drainage system leading to excess flow (overland flow). The West Creek discharge 
measured at the catchment outlet (Chalk St and Ruthven St) increased from 2.8 
m3/sec at 12:00 pm into 8.3 m3/sec at 12:30 pm. The rainfall continued to increase 
from 12:45 pm to 1:30 pm. The West Creek discharge increased from 11.12 m3/sec 
to 86.12 m3/sec during this period. 
The rainfall peaked between 1:45 pm and 2:15 pm (80 mm-90 mm). This 
caused the discharge rate to increase to 133.34 m3/sec, 141.67 m3/sec and 150.12 
m3/sec at 1:45 pm, 2:00 pm, and 2:15 pm respectively. The discharge rate decreased 
to 136.14 m3/sec at 2:30 pm because the rainfall ceased at between 2:15 pm and 2:30 
pm. Additional rainfall occurred at 2:45 pm and this led to an increase in the 
discharge rate to 144.45 m3/sec. More rain fell between 3:00 pm and 4:00 pm (ICA 
2011). The maximum peak discharge in West Creek was 173.5 m3/sec at 3:00 pm. 
The flow rate decreased gradually from 166.67 m3/sec to 63.89 m3/sec from 3:15 pm 
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to 4:00 pm due to decreased rainfall. The peak discharge calculated from the 
hydrologic simulation (Table 4.7 and Figure 4.8) was similar to the peak discharge 
reported in the technical report on the 2011 Toowoomba flood (Collins 2011). 
Peak discharge (3:00 pm) at each station between Spring street and Long street 
is shown in Table 4.8 and Figure 4.9. The flow rate increased in a linear manner 
from 32.24 m3/sec at station 2 (near Stenner St.) to 69.6 m3/sec at station 27 (650 m) 
downstream. This resulted from the gradient and nature of the ground in the sub-
basins. The discharge grew slowly from 70.11 m3/sec at station 28 to 74.99 m3/sec at 
station 51 (575 m). Due to the heavy rainfall, the discharge increased linearly from 
75.2 m3/sec at station 52 to 83.5 m3/sec at station 55 (75 m). The discharge between 
stations 56 to 105 (1250 m) increased from 84.1 m3/sec to 104.8 m3/sec. These 
results show the amount of discharge reaching the outlet point (Long Street) of the 
modelled area. 
Modelling the volume of flow over time and the peak flow can be used to 
analyse changes to the design of the catchments and channel to reduce the height of 
the flood water and thus its impact. For an area with a given LCCN the magnitude of 
the flooding can be reduced by increasing the perviousness of the area. Techniques 
such as disposal of runoff to soakage areas or delayed disposal of hard surface runoff 
can be implemented to reduce excess flow (overland runoff) during periods of peak 
rainfall. In the case of West Creek catchment, flow rate modelling can be used to 
design retention and discharge structures, relocate critical infrastructure out of the 
flood zone and install temporary flood control measures such as flood gates to 
reduce damage by flood water. 
 
5.3.1 Cross-Section Resistance and Model Accuracy 
To get good simulation results, surface models needed to be based on accurate 
topographic models (Brandt 2005; Snead 2000; Temple-Watts 2011). DEMs derived 
from LiDAR data can have high accuracy and lead to accurate generation of sub-
basin catchments and stream center lines. The shape of the cross-sections, banks, and 
position of the flow path depend on a defined stream centreline. The stream 
centreline and cross section shapefiles (generated by HEC-GeoRAS) are the most 
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critical data used for modelling a catchment. The cross-section profiles at Stations 2 
and 29 (Appendix B and Figure 4.10) are examples that illustrate the channel 
delineation at each station used in the model. 
The most critical parameter for creating a continuous flood inundation map 
was the distance between cross-sections (Van Eeckhout 2010). In this research cross-
sections were created every 25 m because of the relatively steep gradient of the main 
channel. This led to an increase in resolution of the flood inundation map compared 
to flood maps based on intersections at greater intervals. Improvement in flood 
inundated accuracy is independent of the starting DEM resolution in this respect. 
5.3.2 Simulation of Flash Flooding Results 
Maximum water surface profiles were created for different types of 
downstream boundary conditions. Changes in boundary conditions had a significant 
effect on the maximum water surface profile towards the downstream end of the 
channel. 
The main question addressed by this research was the type of flow regime 
associated with the channel: sub-critical, super-critical, or mixed flow. The flow 
regime in most natural channels can be considered to be sub-critical, based on slow 
velocities caused by channel friction and relatively low gradient (Van Eeckhout 
2010). A sub-critical flow regime generates the most conservative flood levels. 
Because channel gradients in the upper part of the catchment were high, flow in this 
area was super-critical while flow in the lower part of the catchment (lower gradient) 
was sub-critical (Henderson 1996). In steady flow analysis in HEC-RAS model, 
three options were used to simulate the flow regime: i) sub-critical flow, ii) 
supercritical flow, and iii) mixed between sub-critical and supercritical flow. A 
mixed flow regime (sub-critical and super-critical) was used for this study. 
The downstream boundary conditions are based on the surface roughness 
values adopted for the channel and the floodplain. The effect of different boundary 
conditions was found to disappear a less kilometre after imposition. This is 
illustrated by the water level in channel cross-sections at station 2 (25 m) and 29 
(700 m) at 1:00 pm (Figure 4.11). All cross-sections and water levels are shown in 
Appendix C. 
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Simulation results from HEC-RAS can be displayed as either longitudinal 
profiles, X-Y-Z perspective plots or as cross-section profiles. The geometric 
extraction process was progressively refined until optimum flood simulation results 
were obtained. The extent of flooding at different times is shown by the plot areas in 
the X-Y-Z perspective plots (Figure 4.12 to Figure 4.16). 
5.3.3 Flood Inundation Maps 
5.3.3.1 Flood Extent 
The flood extent from 1:00 pm to 3:00 pm is shown in the series of inundation 
maps of West Creek catchment (Figure 4.17-Figure 4.19). They show how the area 
covered by flood water widened suddenly overtime. The most important factors that 
caused the flooded area to widen quickly were the intensity of rainfall and the 
channel shape. The results show that the channel of West Creek is unsuitable for 
handling the flow from sudden storm events. 
The underground drainage system in Toowoomba normally handles 2 year 
Average Recurrence Interval (ARI) storm events, except in the CBD area, where it 
has been designed to handle up to 5 year ARI storm events (ICA 2011). The rainfall 
in West Creek at five of the six gauging stations exceeded the one in 100 year ARI 
on the 10th of January 2011. As a consequence of this, there was a large amount of 
overland flow of water to the West Creek channel, which led to the flooding. This 
led to rapid flooding of low elevation areas adjoining the channel as shown by the 
series of inundation maps (Figure 4.17-Figure 4.19). 
The rain began to fall at 12:00 pm and continued for 1:00 hr-1:30 hr (ICA 
2011). The soil through the catchment was not saturated with water at this time. This 
allowed the water to infiltrate the soil resulting in low excess flow. Surface runoff 
into the channel began at 1:00 pm at which time 11.82 ha was inundated 
(Figure 4.17). The maximum width of the flooded area at this time was 146.43 m 
and the peak discharge was 30.56 m3/sec. The rainfall intensity began to increase 
after 1:00 pm so that the extent of area flooded by 1:30 pm had increased to 17.33 
ha. The width of flood at this time had increased to 158.89 m and the peak discharge 
was 86.12 m3/sec. 
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The main period of heavy rain fell between 1:30 pm and 2:00 pm. By this time 
the soil was saturated with water leading to an increase in excess flow, which in 
combination with the increase in rainfall, caused the inundated area to increase to 
19.68 ha at 2:00 pm and 23.89 ha at 2:30 pm (a rate of increase of 1.05 ha/15 min) 
(Table 4.9 and Figure 4.18). The width of the flooded area increased from 164.1 m to 
177.5 m during the same time (3.35 m/15 min). Even though the peak discharge 
decreased from 141.67 m3/sec at 2:00 pm to 136.14 m3/sec at 2:30 pm the flooded 
area and width both increased during this period. 
At peak flow at 3:00 pm the flooded area was 28.85 ha (Table 4.9 and 
Figure 4.19) and the peak discharge was 173.5 m3/sec. These areas adjoined the 
channel and included low lying residential areas. The maps developed from the 
modelling show the affected areas (Figure 4.17, Figure 4.18 and Figure 4.19). 
Figure 4.20 shows the areas that were flooded during the period 1:00 pm to 
3:00 pm. The flood expanded steadily over the period from 1:00 pm to 3:00 pm 
because there was limited “free flow” of water out of the channel. This caused the 
high flood level. The worst affected flood areas were immediately upstream of 
constrictions in the channel where the channel was narrow with high banks or where 
there were culverts with small cross-sections. The least flooded areas were 
immediately downstream of constricted areas. This was because they blocked water 
movement upstream of the constriction which reduced the flow downstream of the 
constriction. 
The positive relationship between peak discharge and flooded area is shown in 
Figure 4.21. The increase in peak discharge was accompanied by an increase in the 
width of the flooded area from 1:00 pm to 3:00 pm. This relationship was explained 
in the previous discussion about Figure 4.17, Figure 4.18 and Figure 4.19. 
The flood extent at each 25 m station, every half hour, throughout the 
catchment is shown in  
Table 4.10. It shows that the flood extent increased quickly at every station in 
West Creek. Water begun entering the channel at 1:00 pm. The low elevation and 
slopes at station 49 (1200 m) led to water collecting in this area. The widest flooded 
area (146.43 m–186.70 m) from 1:00 pm to 3:00 pm was at station 49. Station 83 
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(2050 m) experienced the lowest amount of flooding. The area with the least width 
of flooding at 1:00 pm was from station 56 to 97. This was because the channel had 
a higher gradient and the banks were high in this area. The soil was not saturated 
with water at this stage, which allowed infiltration of water. There was minimal peak 
discharge at this time. The average width of flooded area was 20.3 m. 
By 1:30 pm the rainfall increased the discharge at all stations along West 
Creek. The maximum and minimum flood extent at 1:30 pm was 158.89 m at station 
49 (1200 m) and 20.26 m at station 78 (1925 m). From the DEM it can be seen ( 
Table 4.10) that the higher elevation between station 56 (1375 m) and station 
97 (2400 m) resulted in less flooding, especially at station 65 (1600 m) where the 
width was 24.98 m. Heavy rain (80 mm - 90 mm/15 min) started to fall between 1:30 
pm and 2:00 pm. The heaviest falls were over the lower reaches of West Creek, and 
further areas downstream. This led to an increase in the flood extent at all stations in 
West Creek. 
The maximum flood extent at 2:00 pm ranged from 158.9 m at station 48 
(1175 m) to 146.48 m at station 50 (1225 m). The maximum flood extent at 2:30 pm 
ranged from 169.4 m at Station 48 (1175 m) to 169.1 m at station 50 (1225 m). The 
least flood extent at 2:00 pm and 2:30 pm was 23.98 m and 45.3 m at station 96 
(2375 m) and station 65 (1600 m). The flood peak occurred at 3:00 pm. The 
maximum extent at peak flow at 3:00 pm at station 49 (1200 m) was 186.7 m, while 
the minimum extent at peak flow was 50.3 m at station 83 (2050 m). 
The flood extent at each station throughout the flood is shown in Figure 4.22. 
The minimum flood extent was different from station to station at different times. 
The areas immediately downstream of culverts had the least amount of flooding 
during the first hour of flood (12:00 pm to 1:00 pm). The levee alignment 
downstream of the South Street culvert (2350 m to 2400 m) blocked the flood 
spreading out from 12:00 pm to 1:00 pm. 
5.3.3.2 Flood depth 
Flood depth in the West Creek Catchment from 1:00 pm to 3:00 pm is shown 
in Figure 4.23, Figure 4.24 and Figure 4.25. The model results indicated a maximum 
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flood depth of 1.995 m at 1:00 pm. The maximum flood depth increased to 2.71 m at 
1:30 pm, 3.67 m at 2:00 pm and 3.991 m at 2:30 pm. At 3:00 pm the flood depth 
reached a maximum of 4.241 m. The low and high flood depths between 1:00 pm 
and 3:00 pm are summarised in Figure 4.26. 
These results show that the flood response varied at different locations and 
different times along West Creek depending on the channel configuration, the 
position in the sub-basin, the time during the storm event channel roughness and 
flow constrictions. 
Channel configuration changes the behaviour of the flood runoff. Rainfall 
intensities of less than 5.5 mm/15 min for an hour did not produce substantial excess 
runoff. The channel with it existing constrictions was able to accommodate the 
underground drainage flow from this level of rainfall without causing flooding. 
When the rainfall increased from 5.5 mm/15 min to greater than 5.5 mm/15 
min, it generated excess or overland flow in typical residential and service land cover 
sub-basins which lead to a level of flow that the channel could not handle without 
causing flooding. The flooding effects of this increased flow appeared first in areas 
immediately upstream of channel constrictions while areas downstream of channel 
constrictions were not flooded. As rainfall in excess of 5.5 mm/ 15 min continued to 
fall the flow of flood water in the channel increased, overwhelming the effect of 
individual channel constrictions on flooding resulting in generalised flooding along 
both sides of the channel. 
Areas that were least flooded were elevated areas or areas protected by high 
channel banks. However, high banks may protected the immediately adjoining area 
but they led to flooding immediately upstream. 
 
Figure 4.27 shows the flood extent in the West Creek Channel obtained from 
the three simulation scenarios. These scenarios were simulated based on the different 
assumptions mentioned earlier. The objective was to obtain an accurate flood 
inundation map which shows accurately flooding in the channel. 
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In the first simulation scenario, the land cover in most sub-basins was assumed 
low density residential. This led to increase the loss of water under the ground and 
increase the runoff. The peak discharge was computed 65 m3/sec (Figure 4.27 a). 
It can be noticed from the first assumption that there is a difference between 
the simulation result and the flood event on 10th january 2011 in Toowoomba. In 
addition, some areas have many gaps. The field survey was done to verify the land 
cover classes. Figure 4.27 b assumed the residential density in most sub-basins is 
medium density. This led to an increase in the percentage of imperviousness and 
peak discharge was measured 91.5 m3/sec. A small difference between the 
simulation result and the flood event on 10th january 2011 in Toowoomba can be 
noticed in this scenario. 
The land cover in some sub-basins area was assumed high residential density 
from the field survey. This decreased the infiltration water and increased the peak 
discharge to 104.8 m3/sec due to the increase of the runoff surface shown in 
Figure 4.27 c. 
 
The simulated hydraulic output was validated by comparing the simulation 
results with the results observed from the Nearmap aerial photograph (Appendix D). 
The comparison in Figure 4.28 shows a big difference between the extent measured 
from the Nearmap aerial photograph and the extent from the HEC-RAS model (t test 
ρ = 0.08 (>0.05)). Figure 4.29 shows a slight difference between the extent measured 
from the Nearmap aerial photograph and the extent from the HEC-RAS model (t test 
ρ = 0.3 (>0.05)). The comparison shows a trivial difference between the extent 
measured from the Nearmap aerial photograph and the extent from the HEC-RAS 
model (Figure 4.30) (t test ρ = 0.9 (>0.05)). The flood depth reported by the 
Insurance Council of Australia Report was 3.670 m at 2:00 pm (ICA 2011) while the 
flood depth calculated by this model was 3.674 m at 2:00 pm. The similarity in 
results justified using the HEC-RAS model for flood analysis. This was illustrated by 
producing spatial extent and water depth grid maps for the 10th January 2011 flood. 
It can be a useful tool to identify and present flood prone areas and analyse sub-basin 
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and channel modifications for reducing flood height under intense rainfall 
supercritical flow conditions. 
It has been observed that the modelled flood extent and measured flood extent 
in Nearmap aerial image provide good results. Figure 4.31 shows the correlation 
coefficient (R2) of 0.89. The correlation coefficient was increased to 0.97 in 
Figure 4.32 due to the increase of curve number and imperviousness. Figure 4.33 
shows a good relationship between the modelled flood extent and the flood extent in 
Nearmap aerial image (R2= 0.99). 
 
Both hydrological and hydraulic results were discussed in this chapter. The 
West Creek Catchment is one of the sub-basins of Gowrie Creek Catchment. 
Developing urbanisation, change in land cover, and saturation of the soil led to 
increased surface runoff in the West Creek Catchment. This hydrological model 
(HEC-HMS) has the ability to analyse and simulate flood storm events. 
The hydraulic model (HEC-RAS) successfully simulated the flash flood of 
West Creek throughout the period of intense rainfall on 10th January 2011. It verified 
the peak time of the flash flood at 3:00 pm. Variations in flood extent and depth 
throughout West Creek allowed identification of channel parameters that aggravated 
the extent of flooding. Concurrent aerial imagery (Nearmap) was used to verify that 
the model results were accurate. This makes the model a useful tool to analyse 
catchment and channel changes to mitigate future flood events. 
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CONCLUSIONS AND 
RECOMMENDATIONS 
 
This research modelled the results of the flash flood in West Creek catchment 
on the 10th of January 2011. The results of the hydraulic modelling showed a close 
correlation with the Nearmap photographs and the Insurance Council of Australia 
findings. Therefore, the model can provide a sound basis on which to analyse 
alternative scenarios. 
Schumann et al. (2008), found the water surface elevations give less error if 
using LiDAR data. In this research a 2m DEM was used because this is the high 
quality and high accuracy DEM which can been generated from the LiDAR data. 
The hydrologic modelling documented the characteristics of the catchment and 
identified areas in the flow channel which led to areas of high flooding. Both flood 
depth and width increased dramatically due to peak rainfall events between 12:30 pm 
and 2:00 pm. Previous rainfall had saturated the soil resulting in excess runoff to the 
channel during the periods of peak rainfall. Restrictions in the channel materially 
contributed to channel roughness which slowed down discharge from the channel. 
Flooding was noticeably greater above channel restrictions. 
These results showed the opportunity for reducing both the extent and duration 
of flooding from future high intensity rainfall events by modifications to the type of 
land cover in the catchment or by increasing the perviousness of the existing land 
cover. Removing restrictions to flow in the channel would decrease flooding 
upstream of these restricted areas but may increase flooding downstream of these 
areas. Additional flood mitigation measures such as retention basins, levees and 
temporary control measures such as flood gates could also be considered to protect 
vulnerable areas. 
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The high degree of validation of the model with the events of 10th January 
2011 makes the model very suitable for analysing of mitigation strategies. The 
model could be used to analyse series of scenarios by changing parameters in the 
model and assuming the same worst case rate of precipitation. The scenarios that 
could be modified include the LCCN, the permeability factors, the channel 
roughness factors and by increasing retention basin size and number in the channel. 
The effective of these changes could be compared by looking by the depth and 
heights of maximum flood extent. The change in flooded area and associated 
financial damages could then be compared with the cost of implementing these 
changes. 
 
Based on the results of this study, the following future work is recommended: 
1. An updated soil map would help to obtain a better estimate of physical 
catchment parameters. The soil map will facilitate more accurate simulation 
of curve number and imperviousness. 
2. The flood modelling produced a good simulation of the flash flooding from 
Spring Street to Long Street. Thus, the model can be utilised for simulating 
the flash flood on 10th of January 2011 across the whole Gowrie Creek in 
Toowoomba. 
3. The proposed model has the ability to analyse series of scenarios by changing 
parameters in the model and assuming the same worst case rate of 
precipitation. With different scenarios, the input parameters, which include 
the land cover curve number, permeability factors, the channel roughness 
factors and retention basin in the channel could be modified. 
4. The model also can be used to estimate flood mitigation measures such as 
retention basins, levees and temporary control measures such as flood gates 
to protect vulnerable areas. 
5. 1D flood model integrated with GIS software was used in this research. The 
coupled 1D-2D model allows the representation of flood flow over a complex 
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topography by benefiting from increasingly accessible DEM data. Coupled 
1D and 2D models have been successfully applied to large and complex 
channel systems. It will be concern for using the coupled 1D-2D model for 
flood modelling in future work. 
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APPENDICES 
Appendix A: West Creek Sub-basin runoff summary 
Hydrologic 
Element 
Drainage Area 
(ha) 
Rainfall Volume 
(mm/15 min) 
 Peak Discharge 
Time  Volume 
(m3/sec) 
W1210 35.845 29.25 10Jan2011, 15:00 1.9 
W1220 47.809 29.25 10Jan2011, 15:00 2.5 
J192 83.654 29.25 10Jan2011, 15:00 4.5 
R540 83.654 16.26 10Jan2011, 15:45 3.3 
W1170 4.10839 4.07 10Jan2011, 15:00 0.1 
W1180 25.21281 76.95 10Jan2011, 15:00 3.4 
J202 112.9752 29.36 10Jan2011, 15:15 5.8 
R510 112.9752 13.35 10Jan2011, 16:00 4.8 
W1100 34.177 14.18 10Jan2011, 15:00 0.9 
W1140 46.488 76.95 10Jan2011, 15:00 6.3 
J212 80.665 50.35 10Jan2011, 15:00 7.2 
R480 80.665 29.18 10Jan2011, 15:45 5.4 
W1120 760 4.07 10Jan2011, 15:00 5.4 
W1130 11.32001 4.07 10Jan2011, 15:00 0.1 
J215 964.96021 7.25 10Jan2011, 15:45 13 
R470 964.96021 2.87 10Jan2011, 16:00 10.1 
W1190 17.43759 9.07 10Jan2011, 15:00 0.3 
W1200 17.1616 9.07 10Jan2011, 15:00 0.3 
J197 34.59919 9.07 10Jan2011, 15:00 0.5 
 R550 34.59919 5.36 10Jan2011, 15:45 0.4 
W1150 16.3184 19.54 10Jan2011, 15:00 0.5 
W1160 32.142 19.54 10Jan2011, 15:00 1.1 
J207 83.05959 13.64 10Jan2011, 15:00 1.9 
R490 83.05959 7.06 10Jan2011, 16:00 1.6 
W1110 55.206 9.07 10Jan2011, 15:00 0.8 
J220 138.26559 7.87 10Jan2011, 15:45 2 
R460 138.26559 3.24 10Jan2011, 16:00 1.5 
W1070 42.103 29.25 10Jan2011, 15:00 2.2 
W1080 14.92719 33.84 10Jan2011, 15:00 0.9 
J225 1160.25599 4.27 10Jan2011, 16:00 13 
R450 1160.25599 1.31 10Jan2011, 16:00 6.5 
W1050 10.88761 33.84 10Jan2011, 15:00 0.7 
W1060 72.963 29.25 10Jan2011, 15:00 3.9 
J230 1244.1066 3.23 10Jan2011, 16:00 8.6 
R420 1244.1066 1.19 10Jan2011, 16:00 5.7 
W1030 4.41321 33.84 10Jan2011, 15:00 0.3 
W1040 24.42641 81.65 10Jan2011, 15:00 3.4 
J235 1272.94622 2.85 10Jan2011, 16:00 7.1 
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Hydrologic 
Element 
Drainage Area 
(ha) 
Rainfall Volume 
(mm/15 min) 
 Peak Discharge 
Time  Volume 
(m3/sec) 
R410 1272.94622 1.15 10Jan2011, 16:00 5 
W1010 46.042 33.84 10Jan2011, 15:00 2.8 
W1020 5.61279 33.84 10Jan2011, 15:00 0.3 
J240 1324.60101 2.42 10Jan2011, 16:00 6.3 
R390 1324.60101 0.91 10Jan2011, 16:00 4.6 
W980 48.202 14.31 10Jan2011, 15:00 1.3 
W990 9.2496 14.31 10Jan2011, 15:00 0.2 
J248 1382.05261 1.47 10Jan2011, 16:00 5.3 
R330 1382.05261 0.44 10Jan2011, 16:00 2.7 
W970 1.3152 4.09 10Jan2011, 15:00 0.1 
W1000 51.88 29.44 10Jan2011, 15:00 2.8 
J245 1435.24781 1.49 10Jan2011, 16:00 4 
R320 1435.24781 0.58 10Jan2011, 16:00 3.2 
W950 44.242 29.44 10Jan2011, 15:00 2.4 
W960 0.0304 4.09 10Jan2011, 15:00 0 
J255 1479.5 1.44 10Jan2011, 16:00 4.3 
R310 1479.5 0.52 10Jan2011, 16:00 3.1 
W930 7.76199 29.44 10Jan2011, 15:00 0.4 
W940 22.7172 29.44 10Jan2011, 15:00 1.2 
J260 1510 1.1 10Jan2011, 16:00 3.8 
R290 1510 0.37 10Jan2011, 16:00 2.3 
W910 46.172 29.44 10Jan2011, 15:00 2.5 
W920 14.1856 29.44 10Jan2011, 15:00 0.8 
J265 1570.4 1.49 10Jan2011, 15:15 4 
R280 1570.4 0.6 10Jan2011, 16:00 3.6 
W870 31.305 29.44 10Jan2011, 15:00 1.7 
W880 37.752 4.09 10Jan2011, 15:00 0.3 
J275 1639.4 1.23 10Jan2011, 16:00 4.5 
R230 1639.4 0.41 10Jan2011, 16:00 2.8 
W810 38.806 29.44 10Jan2011, 15:00 2.1 
W840 20.70201 29.44 10Jan2011, 15:00 1.1 
J286 59.50801 29.44 10Jan2011, 15:00 3.2 
R180 59.50801 16.35 10Jan2011, 15:45 2.4 
W830 0.0964 37.66 10Jan2011, 15:00 0 
W850 26.234 29.44 10Jan2011, 15:00 1.4 
J283 1725.3 1.41 10Jan2011, 16:00 5.8 
R170 1725.3 0.42 10Jan2011, 16:00 3.3 
W890 17.4696 37.66 10Jan2011, 15:00 1.1 
W900 37.723 29.44 10Jan2011, 15:00 2.1 
J270 55.1926 32.04 10Jan2011, 15:00 3.2 
R250 55.1926 18.28 10Jan2011, 15:45 2.4 
W820 30.546 37.66 10Jan2011, 15:00 2 
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Hydrologic 
Element 
Drainage Area 
(ha) 
Rainfall Volume 
(mm/15 min) 
 Peak Discharge 
Time  Volume 
(m3/sec) 
W860 2.62759 37.66 10Jan2011, 15:00 0.2 
J280 88.36619 25.56 10Jan2011, 15:15 3.9 
R200 88.36619 11.79 10Jan2011, 16:00 3.2 
W790 0.0268 37.66 10Jan2011, 15:00 0 
W800 10.88479 37.66 10Jan2011, 15:00 0.7 
J295 1824.5 1.19 10Jan2011, 16:00 6.8 
R160 1824.5 0.3 10Jan2011, 16:00 2.6 
W760 32.696 37.66 10Jan2011, 15:00 2.1 
W770 47.871 37.66 10Jan2011, 15:00 3.1 
J303 1905.1 1.88 10Jan2011, 15:00 5.7 
R110 1905.1 0.9 10Jan2011, 16:00 5.6 
W750 15.86961 37.66 10Jan2011, 15:00 1 
W780 50.81 5.76 10Jan2011, 15:00 0.5 
J300 66.67961 13.35 10Jan2011, 15:00 1.5 
R130 66.67961 7.91 10Jan2011, 15:45 1.2 
W730 30.303 37.66 10Jan2011, 15:00 2 
W740 16.794 37.66 10Jan2011, 15:00 1.1 
J310 113.77661 20.23 10Jan2011, 15:00 3.9 
R100 113.77661 10.47 10Jan2011, 16:00 3.2 
W660 26.4 37.66 10Jan2011, 15:00 1.7 
W710 13.38679 37.66 10Jan2011, 15:00 0.9 
J318 153.5634 17.51 10Jan2011, 15:30 4.6 
R60 153.5634 7.58 10Jan2011, 16:00 3.8 
W680 16.8912 37.66 10Jan2011, 15:00 1.1 
W690 1.04001 37.66 10Jan2011, 15:00 0.1 
J323 171.49461 10.72 10Jan2011, 16:00 4.3 
R90 171.49461 3.74 10Jan2011, 16:00 2.5 
W700 39.808 37.66 10Jan2011, 15:00 2.6 
W720 1.2068 92.22 10Jan2011, 14:45 0.2 
J315 2117.6 1.88 10Jan2011, 16:00 9.3 
R80 2117.6 0.61 10Jan2011, 16:00 5.3 
W650 20.1924 37.66 10Jan2011, 15:00 1.3 
W670 10.81519 88.32 10Jan2011, 14:45 1.6 
J328 2148.6 1.4 10Jan2011, 16:00 6.5 
R30 2148.6 0.54 10Jan2011, 16:00 4.1 
W630 90.906 37.66 10Jan2011, 15:00 5.9 
W640 36.089 37.66 10Jan2011, 15:00 2.4 
J335 2275.6 2.61 10Jan2011, 15:00 9.5 
R10 2275.6 1.23 10Jan2011, 16:00 9.4 
W620 1.732 92.22 10Jan2011, 14:45 0.3 
W621 2277.3 1.3 10Jan2011, 16:00 9.5 
Outlet   10Jan2011, 16:00 173.5 
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Appendix B: Cross-Section from Station 1 to Station 106 on West Creek Channel 
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Appendix C: Cross-Section with Level of Water from Station 1 to Station 106 of the West Creek Channel 
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Appendix D: Comparison between Flood Extent using Hydraulic Model and Flood 
Extent from the Nearmap aerial photo 
 
St
at
io
n
 
Distance 
(m) 
Flood Extent at 
Nearmap aerial 
photo (m) 
Assumption  
One 
Assumption 
Two 
Assumption  
Three 
Difference 
1 
Difference 
2 
Difference 
3 
1 0 126.50 115.91 122.92 126.00 10.59 3.58 0.5 
2 25 128.45 120.96 123.71 128.00 7.49 4.74 0.45 
3 50 131.43 119.25 123.52 130.80 12.18 7.91 0.63 
4 75 132.39 118.23 125.1 132.25 14.16 7.29 0.14 
5 100 133.00 123.43 126.45 132.40 9.57 6.55 0.6 
6 125 136.45 122.62 129.23 135.80 13.83 7.22 0.65 
7 150 139.18 126.65 130.84 139.03 12.53 8.34 0.15 
8 175 137.48 129.34 134.35 137.30 8.14 3.13 0.18 
9 200 136.10 128.39 133.61 135.81 7.71 2.49 0.29 
10 225 131.70 127.75 129.95 131.20 3.95 1.75 0.5 
11 250 129.30 120.1 124.4 129.00 9.20 4.9 0.3 
12 275 127.50 116.86 125.93 127.10 10.64 1.57 0.4 
13 300 127.44 115.56 124.5 127.90 11.90 2.94 -0.5 
14 325 122.96 114.56 120.56 123.50 8.40 2.4 -0.54 
15 350 119.90 110.63 116.72 119.50 9.30 3.18 0.4 
16 375 119.86 111.35 114.57 119.50 8.51 5.29 0.36 
17 400 118.20 109.96 115.75 118.00 8.24 2.41 0.2 
18 425 94.56 85.62 89.95 94.32 8.94 4.61 0.24 
19 450 98.30 89.87 94.86 98.20 8.43 3.44 0.1 
20 475 101.53 90.2 95.30 101.40 11.33 6.23 0.13 
21 500 100.70 91.65 96.90 100.45 9.10 3.8 0.25 
22 525 100.76 89.68 94.83 100.61 11.10 5.93 0.15 
23 550 96.45 85.7 88.90 96.25 10.75 7.55 0.2 
24 575 91.80 84.72 89.47 91.60 7.10 2.33 0.2 
25 600 82.98 77.8 80.43 82.65 5.20 2.55 0.33 
26 625 84.75 80.91 82.93 84.55 3.84 1.82 0.2 
27 650 95.80 91.66 92.71 95.70 4.14 3.1 0.1 
28 675 99.20 92.85 95.73 98.93 6.35 3.5 0.3 
29 700 105.60 96.40 101.8 104.80 9.20 3.8 0.8 
30 725 111.32 102.60 105.72 110.99 8.72 5.6 0.33 
31 750 118.81 110.60 113.62 118.70 8.21 5.2 0.11 
32 775 122.44 112.73 118.32 122.00 9.71 4.12 0.44 
33 800 122.00 113.96 119.90 121.30 8.10 2.11 0.7 
34 825 118.53 114.86 116.24 118.00 3.70 2.3 0.53 
35 850 122.60 119.98 120.65 122.32 2.62 1.95 0.3 
36 875 123.30 118.81 120.67 123 4.50 2.63 0.3 
37 900 115.20 107.13 110.66 114.95 8.10 4.54 0.25 
38 925 102.30 96.63 98.60 101.50 5.70 3.74 0.8 
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St
at
io
n
 
Distance 
(m) 
Flood Extent at 
Nearmap aerial 
photo (m) 
Assumption  
One 
Assumption 
Two 
Assumption  
Three 
Difference 
1 
Difference 
2 
Difference 
3 
39 950 92.95 81.50 89.80 92.30 11.45 3.15 0.65 
40 975 92.76 83.20 86.72 92.30 9.6 6.04 0.46 
41 1000 95.90 85.31 90.65 95.00 10.6 5.25 0.9 
42 1025 92.85 84.25 87.74 91.80 8.6 5.11 1.05 
43 1050 92.93 83.72 88.35 92.00 9.21 4.6 0.93 
44 1075 91.70 82.60 86.23 90.85 9.1 5.5 0.85 
45 1100 94.72 88.50 91.32 93.90 6.22 3.4 0.82 
46 1125 100.57 92.64 95.97 100.00 7.93 4.6 0.57 
47 1150 116.00 109.90 112.80 115.20 6.1 3.2 0.8 
48 1175 178.98 171.50 174.70 178.00 7.5 4.3 0.98 
49 1200 187.35 177.35 181.40 186.70 10 5.95 0.65 
50 1225 177.90 168.60 172.24 177.20 9.3 5.66 0.7 
51 1250 141.00 132.20 137.50 140.40 8.8 3.5 0.6 
52 1275 127.90 122.20 124.30 127.30 5.7 3.6 0.6 
53 1300 119.50 112.52 116.40 119.00 6.98 3.1 0.5 
54 1325 111.10 102.60 106.80 110.80 8.5 4.3 0.3 
55 1350 102.80 95.88 100.72 102.30 6.92 2.1 0.5 
56 1375 96.11 90.60 93.60 95.50 5.51 2.51 0.61 
57 1400 95.10 88.30 90.63 94.30 6.8 4.5 0.8 
58 1425 93.00 84.40 88.80 92.40 8.6 4.2 0.6 
59 1450 91.70 83.54 86.30 91.20 8.2 5.4 0.5 
60 1475 89.40 81.60 85.80 88.80 7.8 3.6 0.6 
61 1500 83.13 74.63 77.42 82.60 8.5 5.71 0.53 
62 1525 77.30 69.50 73.33 76.70 7.8 3.97 0.6 
63 1550 73.86 65.50 69.24 73.50 8.4 4.62 0.4 
64 1575 71.42 63.10 68.60 71.00 8.32 2.82 0.42 
65 1600 66.10 58.10 62.40 65.70 8 3.7 0.4 
66 1625 66.76 63.92 64.60 66.00 2.84 2.16 0.76 
67 1650 69.14 60.85 63.20 68.70 8.3 5.94 0.44 
68 1675 73.10 70.96 71.80 73.00 2.14 1.3 0.1 
69 1700 77.30 72.30 74.90 76.50 5 2.4 0.8 
70 1725 83.22 76.80 80.10 83.00 6.42 3.12 0.22 
71 1750 90.10 87.50 88.43 89.60 2.6 1.7 0.5 
72 1775 93.90 88.20 91.40 93.20 5.7 2.5 0.7 
73 1800 98.71 91.65 96.32 98.00 7.1 2.4 0.71 
74 1825 98.90 93.53 94.84 98.30 5.4 4.1 0.6 
75 1850 99.80 92.64 95.50 98.90 7.2 4.3 0.9 
76 1875 98.53 90.40 94.50 98.00 8.13 4.03 0.53 
77 1900 95.50 87.43 90.50 94.80 8.1 5 0.7 
78 1925 89.70 78.24 82.80 89.40 11.5 6.9 0.3 
79 1950 88.97 79.33 83.34 88.20 9.64 5.63 0.77 
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Distance 
(m) 
Flood Extent at 
Nearmap aerial 
photo (m) 
Assumption  
One 
Assumption 
Two 
Assumption  
Three 
Difference 
1 
Difference 
2 
Difference 
3 
80 1975 83.23 75.90 79.63 82.70 7.33 3.6 0.53 
81 2000 74.43 67.84 70.63 74.00 6.6 3.8 0.43 
82 2025 57.74 49.60 52.30 57.00 8.14 5.44 0.74 
83 2050 50.90 47.50 48.60 50.30 3.4 2.3 0.6 
84 2075 51.40 47.80 48.33 51.00 3.6 3.1 0.4 
85 2100 51.97 49.2 50.23 51.30 2.8 1.74 0.7 
86 2125 51.90 48.81 49.50 51.40 3.1 2.4 0.5 
87 2150 54.30 51.40 52.83 54.00 2.9 1.5 0.3 
88 2175 58.96 52.73 55.30 58.20 6.23 3.66 0.76 
89 2200 59.70 51.80 56.32 59.00 7.9 3.4 0.7 
90 2225 58.10 52.30 55.21 57.50 5.8 2.9 0.6 
91 2250 61.50 55.61 57.40 61.00 5.9 4.1 0.5 
92 2275 63.81 59.20 60.32 63.70 4.61 3.5 0.11 
93 2300 67.00 62.71 65.40 66.30 4.3 1.6 0.7 
94 2325 68.30 65.50 67.30 68.00 2.8 1 0.3 
95 2350 69.40 64.95 66.40 69.00 4.5 3 0.4 
96 2375 76.63 69.43 72.80 76.00 7.2 3.83 0.63 
97 2400 114.10 108.30 110.70 113.70 5.8 3.4 0.4 
98 2425 127.50 119.90 123.70 127.00 7.6 3.8 0.5 
99 2450 130.52 124.65 127.90 129.80 5.9 2.62 0.72 
100 2475 131.73 125.60 128.30 131.00 6.13 3.43 0.73 
101 2500 131.00 124.60 127.34 130.20 6.4 3.7 0.8 
102 2525 132.10 126.40 129.30 131.60 5.7 2.8 0.5 
103 2550 130.75 123.63 125.50 130.00 7.12 5.25 0.75 
104 2575 132.80 125.40 129.41 132.00 7.4 3.4 0.8 
105 2600 134.80 127.90 130.14 134.30 6.9 4.7 0.5 
106 2625 135.90 128.34 131.42 135.43 7.56 4.5 0.5 
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Appendix E: Examples of West Creek Channel Structures 
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